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Abstract 
Whey proteins are commonly used as nutritional supplements and ingredients in food 
processing industry. In their native state these proteins possess unique globular configuration 
which is important in imparting important functional properties such as solubility, 
emulsification, foaming and gelling. Whey proteins have to pass through a series of processing 
steps such as filtration, evaporation and drying when they are converted into powders. These 
processing steps exert denaturing stresses on whey proteins. Spray drying is the most 
commonly used drying method to produce whey protein isolate (WPI) powders and it is known 
to exert denaturing stresses such as thermal, dehydration and interfacial stresses to proteins. 
These stresses denature whey proteins and the resultant WPI powders show poor solubility, 
emulsification, foaming and gelling properties.  
Presently there is a lack of information in the literature regarding the relationship between 
denaturation kinetics and drying kinetics (moisture content, temperature histories and drying 
rate) and development of morphology during particle formation process of whey proteins. In 
addition, there is inadequate information regarding the efficacy of protectant solids such as 
lactose, trehalose, polysorbate-80 in minimising the denaturation of whey proteins during 
drying at an individual droplet level. It is not yet technologically possible to obtain the above 
mentioned fundamental properties at individual droplet level in spray dryers. Hence, single 
droplet drying was used in this study to obtain these properties in WPI and WPI-protectant 
droplets and particles. This fundamental information can be used to produce less denatured and 
functionally superior whey protein powders through spray drying.  
The extent of denaturation of whey proteins subjected to convective air drying and isothermal 
heat treatment (IHT) processes has been quantified using WPI solution. A custom built single 
droplet drying (SDD) instrument was used as an idealized model of spray dryer. The droplets of 
2±0.1 mm initial diameter were dried individually suspending them in conditioned air and the 
drying kinetics (moisture and temperature histories, drying rate) were measured. The 
denaturation kinetics was measured using reversed phase high performance liquid 
chromatography (RP-HPLC), differential scanning calorimetry (DSC) and Fourier transform 
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infrared spectroscopy (FTIR). The drying and denaturation kinetics of WPI droplets were 
simulated by using Reaction Engineering Approach (REA) and first order reaction kinetics, 
respectively and integrated into a single model. The relative sensitivity of α-lactalbumin (α-
lac), β-lactoglobulin (β-lg) and bovine serum albumin (BSA) to denaturation in convective 
drying condition was also measured. The efficacy of two commonly used protectants (lactose 
and trehalose) in minimizing the denaturation of WPI was measured in convective air drying 
process using SDD. Finally, the extent and nature of denaturation of WPI in spray drying 
process was measured using a laboratory scale spray dryer. The efficacy of lactose, trehalose 
and polysorbate-80 in minimising the denaturation of WPI during spray drying and their effect 
on powder properties such as particle size and size distributions and crystallinity in spray dried 
WPI-protectant powders were quantified. 
It was found that, below WPI’s denaturation temperature (65 oC) and at 600 s of treatment the 
convective air drying process denatured much higher amount of WPI (68.3%) compared to IHT 
(10.8%). However, above the denaturation temperature of WPI (80 oC) at the same time frame, 
the denaturation due to IHT was much higher (90.0%) compared to convective drying (68.7%). 
The moisture and temperature histories of WPI during the convective drying environment at 
single droplet level were successfully predicted using REA within 6.5% (R2 = 0.99) and 3% 
(R2 = 0.98) errors, respectively. The denaturation kinetics of WPI during convective drying at 
65 oC and 80 oC was also successfully predicted using first order reaction kinetics within the 
absolute error values of 6.9% (R2 = 0.95) and 5.9% (R2 = 0.98), respectively. The denaturation 
kinetics showed that the BSA had the highest, the β-lg had the lowest and the α-lac had 
intermediate stability under convective drying conditions. At the end of 600 s of drying at 80 oC 
up to 31.0% of β-lg was found to be denatured while BSA was not significantly denatured. 
Addition of 20% trehalose in the WPI resulted into almost complete protection of WPI from 
loss due to irreversible denaturation, while addition of 30% lactose could protect only up to 
70% of WPI. FTIR analyses showed that the secondary structural features (β-sheet, β-turn and 
random coil) of WPI were significantly altered even in the presence of these two sugars. There 
was no loss of WPI through denaturation induced aggregation when WPI was spray dried at 
inlet and outlet temperatures of 180 oC and 80 oC, respectively. However, the secondary 
structural features were found to be altered significantly. Addition of up to 0.01% 
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polysorbate-80 with WPI as an excipient effectively protected the α-helix and β-sheet from 
alteration. The spray dried WPI powders produced in the presence and absence of lactose, 
trehalose and polysorbate-80 had characteristic wrinkled surface morphology and were 
amorphous in nature.  
This work shows that the convective air drying process denatures higher proportion of WPI 
than isothermal heating in solution below its denaturation temperature. Above the denaturation 
temperature, the denaturation of WPI is lower in convective drying environment than in 
isothermal heating in solution. This work also shows that significant alteration in secondary 
structural features occurs in spray dried WPI powders; however, such alterations do not result 
into aggregation and coagulation to the extent observed during single droplet drying tests due to 
shorter time of exposure. The drying induced alteration in secondary structural features of WPI 
could be effectively avoided by adding very small amount (0.01%, w/w) of low molecular 
weight surfactants such as polysorbate-80 in the feed before spray drying. 
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Chapter 1 
Introduction 
1.1  Background 
Whey proteins comprise 20% (w/w) of bovine milk proteins (Ng-Kwai-Hang, 2011). The 
application of whey proteins is increasing, especially in food applications, due to their 
nutritional and other functional characteristics such as emulsification and gelling. These 
proteins are commonly used as ingredients in products such as baby foods and sport foods / 
drinks as they contain almost all essential amino acids (Hoffman & Falvo, 2004; Godfrey, 
Robinson, Barker, Osmond & Cox, 1996). In addition, these proteins are added to baked 
products and used in emulsions such as salad dressings. Due to their unique globular structure 
and ability to form stable network in gels and dispersions these proteins are commonly used in 
the gels and foam containing products. Whey proteins are extracted from dairy whey in which 
their concentration is quite low (6 g/litre) (Bottomley, Evans & Parkinson, 1990). Thus, 
commercially available whey protein concentrates (WPCs) and isolates (WPIs) are obtained by 
applying a series of processing steps including filtration, evaporation and drying. Drying is the 
final step of producing WPCs and WPIs in solid form in which the protein concentration ranges 
from 25 to 89% and 90% or higher, respectively. WPI is the most purified form (>90%, w/w) 
of whey proteins (Geiser, 2003; Bryant & McClements, 1998). 
A number of drying methods such as spray drying, fluidized-bed drying and freeze drying are 
used to convert protein solutions into solid powder. Spray drying and freeze drying are by far 
the most commonly used industrial drying methods to produce WPCs and WPIs (Abdul-Fattah, 
Kalonia & Pikal, 2007). Spray drying is almost invariably used when WPCs and WPIs are 
produced in large scale. The ability of forming particles in a single step and the ability of 
controlling the size of the particles to great extent have made spray drying one of the most 
preferred drying methods of producing protein powders in food as well as pharmaceutical 
industries (Ameri & Maa, 2006; Oldfild, Taylor & Singh, 2005). In addition, spray drying is 4 
to 7 times cheaper compared to freeze drying considering the capital and operational costs 
(Chavez & Ledeboer, 2007).  
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Convective heat transfer and diffusive mass transfer are key mechanisms of heat and mass 
transfer during spray drying. Both heat and mass transfer processes are very rapid in spray 
drying as the micrometre sized droplets with high surface area to volume ratio are brought into 
contact with sufficient volume of hot and flowing air (Hede, Bach & Jensen, 2008). Thus the 
drying is very rapid and formation of particles takes place within a few seconds in spray drying 
operations. The fast heat and mass transfer processes can negatively affect the thermally 
sensitive biomolecules; for example, they can denature proteins (Maa, Nguyen & Hsu, 1998; 
Anandharamakrishnan, Riellya & Stapleya, 2007). The denaturation of proteins in powdered 
products results into loss of solubility and also negatively impacts other functional properties 
such as gelling and emulsification (Pelegrine & Gasparetto, 2005; Anandharamakrishnan et al., 
2007). Denaturation of proteins is a major problem when they are used as ingredients. 
The tertiary and secondary structures of proteins can be irreversibly altered due to denaturation 
during drying. The primary structure which includes certain sequence of amino acids does not 
alter during the denaturation (Foegeding & Davis, 2011). It has been reported that biomolecules 
including proteins are exposed to thermal, interfacial and dehydration stresses during spray 
drying (Maa et al., 1998; Adler, Unger & Lee, 2000). These stresses can irreversibly alter the 
secondary structural features (α-helix, β-sheet and random coil) of proteins (Ameri et al., 
2006). However, the extent of denaturation and denaturation induced loss varies from protein to 
protein depending on their structural strength and stability. The secondary and tertiary 
structures of whey proteins can also be affected by the above mentioned external stresses 
(Duongthingoc, George, Katopo, Gorczyca & Kasapis, 2013). The nature and extent of 
denaturation of whey proteins, especially the kinetics of denaturation during spray drying, are 
not well understood and quantified. The reported studies have measured the extent of 
denaturation of whey proteins in spray dried powders using the loss of solubility as key 
criterion (Oldfield et al., 2005; Anandharamakrishnan, Rielly, & Stapley, 2008). However, the 
alteration of secondary and tertiary structures does not always lead to aggregation and loss of 
solubility. Quantifying the extent of alteration of secondary structure due to denaturation can 
provide better insight on the nature and mechanism of denaturation. The degree of alteration in 
secondary structure can be linked to the extent of protein denaturation and it can be a better 
choice of assessing the denaturation of proteins. More importantly, the kinetics of denaturation 
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of whey proteins in a single droplet that is subjected to spray drying environment is, so far, not 
quantified. 
As stated above, it is desired that the spray dried whey proteins are structurally intact in order 
to function at their best when they are used as ingredients. In industrial practice, both the 
process based and material based approaches are used to mitigate the effect of spray drying on 
proteins. In the process based approach, mild drying conditions are used to minimise the 
denaturation due to drying (Anandharamakrishnan et al., 2007). In the material based approach, 
protectant solids such as sugars (e.g. lactose, trehalose, sucrose) and surfactants (e.g. 
polysorbate-80, polysorbate-20) are incorporated in the feed before drying (Bellavia, Giuffrida, 
Cottone, Cupane & Cordone, 2011; Maa et al., 1998). Whether or not these approaches are 
effective in controlling the denaturation are assessed by measuring the denatured protein in the 
dried powder. This is due to the fact that spray drying is very fast drying process and there are 
billions of droplets/particles  any time and  the flow pattern of the air is quite complex. Thus, it 
is technologically not feasible so far to directly measure the mass, heat and denaturation of a 
drying droplet in spray drying processes.  Hence, there is no information in the literature 
regarding the denaturation of whey proteins as a function of moisture content, drop temperature 
and drying time to a droplet level. No kinetic relationships between the drying kinetics and 
denaturation kinetics are so far reported. Similarly, the kinetics of protection efficacy of 
protectant solids used to minimise the denaturation of proteins have not been quantified. 
 
It is known that the folding-unfolding process of protein depends on the moisture content and 
temperature of the droplet being dried. Thus, quantifying the drying and denaturation kinetics 
using a single droplet when it is subjected to convective drying environment (as close to that in 
spray drying as technically feasible) and monitoring the morphological changes would provide 
greater insights of denaturation of proteins during particle formation. A single droplet dryer 
(SDD) can be used as an idealized model of spray dryer to dry the micron sized droplets of a 
feed solution (Ranz & Marshall, 1952; Sano & Key, 1982; Lin & Chen, 2002; Adhikari, Howes 
& Bhandari, 2007; Ghandi, Powell, Chen & Adhikari, 2012). Quantifying the extent of 
denaturation at set time interval using SDD experiments would generate fundamental data on 
drying kinetics versus denaturation kinetics of whey proteins during particle formation. The 
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effect of protectant solids on both the drying and denaturation kinetics can also be measured 
and quantified using SDD. Commonly used protectant solids such as lactose and trehalose have 
different ability to provide protection to proteins against denaturation. Trehalose is known to 
provide much higher level of protection to proteins against denaturation compared to other 
sugars. It has been suggested that the high glass transition temperature (Tg) of trehalose along 
with its ability to form compact water exclusion zone around the biomolecules are two 
hypotheses to explain the much better protective efficacy of trehalose compared to other sugars 
(Bellavia et al., 2011; Jain & Roy, 2009). As Tg of sugars and proteins is very sensitive to the 
moisture content (Perez-Moral, Adnet, Noel & Parker, 2011; Crowe, 2002), the quantification 
of drying and denaturation kinetics of protein in the presence of protectant solids (especially 
trehalose) would provide greater insight regarding the efficacy and mechanism of the protectant 
solids in providing protection to whey proteins against denaturation.  
 
The ability to predict the drying and denaturation kinetics of whey proteins by applying the 
predictive drying and denaturation kinetics models will enable selection of process (inlet and 
outlet temperatures, air flow rate, feed flow rate) and material (concentration of protectant 
solids, concentration of proteins) parameters that would result into structurally more intact and 
less denatured whey protein powders. In the absence of such modelling, expensive trial and 
error methods have to be used. Several modelling approaches such as Reaction Engineering 
Approach (REA) and Distributed Parameter model are proposed in the literature to predict the 
drying kinetics of single droplet applicable to the spray drying environment (Adhikari, et al., 
2007; Sano & Keey, 1982; Huang, Kumar & Mujumdar, 2004; Mezhericher, Levy & Borde, 
2010). Although the Distributed Parameter model provides distribution of moisture in a drying 
droplet and is more realistic, it requires the moisture diffusion coefficient data as a function of 
solid content (Malafronte, Ahrné, Kaunisto, Innings & Rasmuson 2014; Chen, Xiao & Webley, 
2011). The REA requires less physical parameters (such as moisture and thermal diffusivity) 
and has been successfully applied in a number of foods and biomaterials such as grains, fruit 
tissues and porcine skin (Chen & Xie, 1997; Putranto, Chen, Xiao & Webley, 2011). Prediction 
of denaturation kinetics using available models and integration of denaturation kinetics with 
drying kinetics will enable prediction of both the drying and denaturation kinetics of whey 
proteins in the convective air drying environment. The first-order reaction kinetics model is 
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used by researchers to predict the denaturation kinetics of proteins and enzymes during drying 
and heating (Meerdink &Van’tRiet, 1995; Oldfield, Harjinder, Michael & Kevin, 1998). So far, 
the drying and denaturation kinetics models have not been integrally used to predict the drying 
and denaturation kinetics of whey proteins. 
 
The information obtained from the single droplet drying experiments including the effect of 
process-based and material-based parameters are important in optimising the spray drying 
process. At the same time, the information obtained from the spray drying experiments 
provides important feedback on the importance of the kinetics parameters and also the aspects 
in which fundamental information is required. Hence, carrying out both single droplet drying 
and spray drying is the most informed way in selecting the best process parameters and the 
amount and type of protectant solids in order to obtain spray dried whey protein powders with 
best possible structural integrity and least degree of denaturation. This level of integration of 
single droplet drying experiments and spray drying operations in order to produce minimally 
denatured whey protein powders is not reported in the literature. 
1.2  Research Hypotheses and Objectives 
Based on the above context this project proposes the following hypotheses: 
• Whey proteins undergo denaturation during spray drying 
• Drying and denaturation kinetics of whey proteins measured at a single droplet level 
provide better insights on the extent and nature of denaturation of these proteins during 
spray drying 
• Different drying aids will have different ability to reduce the denaturation of whey 
proteins during spray drying 
The findings of this research will greatly benefit the industry producing protein powders in 
general and whey protein powders in particular. The finding will also be beneficial to the 
designers and manufacturers of spray dryers.   
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Accordingly, this thesis had the following objectives. 
 To measure the drying and denaturation kinetics of WPI and three of its major 
constituent proteins (α-lactalbumin (α-lac), β-lactoglobulin (β-lg) and bovine serum 
albumin (BSA)) in convective drying environment at single droplet level. 
 To predict the drying kinetics (moisture content and temperature histories) using REA 
and to integrate the denaturation kinetics to develop an integral model capable of 
predicting denaturation kinetics of WPI during convective drying.    
 To measure the efficacy of two protectant solids (lactose and trehalose) in minimising 
the denaturation of WPI during convective drying.  
 To quantify the denaturation of WPI in spray drying process in the absence and 
presence of protectant solids and to compare this information with the denaturation 
kinetics information obtained from single droplet drying.  
1.3  Outline of Thesis 
This thesis is organized into eight chapters as outlined below. Six chapters (Chapter 2 to 
Chapter 7) have been submitted to peer reviewed publications. The contents of Chapter 2 to 
Chapter 6 have been published while the content of Chapter 7 is currently undergoing the peer 
review process. 
Chapter 1: This chapter provides the background of this thesis and presents the most updated 
status of science and gap in the knowledge in the area covered by the thesis. The rationale 
behind the research theme and the research questions which this thesis addresses are also 
documented, and the research hypotheses and objectives of this project are documented in this 
chapter. 
Chapter 2: This chapter critically reviews the literature relevant to the thesis and covers 
fundamental concepts and recent advances on the denaturation of proteins. This review 
includes the characterisation methods that are available to quantify the denaturation of proteins. 
The methods used to measure the drying kinetics are reviewed in considerable detail. The 
modelling approaches available in predicting the heat and mass transfer processes in a drying 
droplet are reviewed and the advantages and limitations of each approach are highlighted. The 
7 
 
characteristics of the test materials and the theory behind the experimental methods are also 
reviewed and documented in this chapter.  
Chapter 3:  Details of a study undertaken to quantify the denaturation of WPI as a function of 
convective drying, isothermal heat treatment and high hydrostatic pressure treatment are 
documented in this chapter. This chapter explains the different stages and nature of 
denaturation of WPI during convective drying and isothermal heat treatment. A correlation 
between the structural transition (molten globular state) and the process parameters is 
presented.  
Chapter 4: This chapter documents the outcome of predictive modelling of denaturation and 
drying kinetics of WPI in convective drying process in a single droplet level. The development 
of surface morphology in the drying droplets as a function of process parameters and the 
subsequent dissolution process of the dried WPI particle are also documented in this chapter. 
Chapter 5: This chapter compares the degree of sensitivity of the major whey proteins (α-lac, 
β-lg and BSA) to drying induced denaturation when they are dried individually under the same 
conditions. The extent and nature (aggregation and alteration in secondary structure) of 
denaturation of α-lac, β-lg and BSA when subjected to convective drying are systematically 
documented. A correlation between morphology and denaturation of those proteins during 
particle formation process is also discussed.  
Chapter 6: This chapter documents the efficacy of lactose and trehalose in minimising the 
denaturation of WPI. The amount of lactose and trehalose to achieve certain minimum 
denaturation of WPI was determined and is documented in this chapter. The effect of 
incorporation of lactose or trehalose with WPI on the evolution of surface morphology of the 
drying droplet is also documented. 
Chapter 7: This chapter presents the extent of denaturation (through aggregation and secondary 
structural alteration) of WPI due to spray drying. The effects of protectant solids (lactose, 
trehalose and polysorbate-80) on the secondary structural features (α-helix, β-sheet, β-turn and 
random coil) in spray dried WPI powder are described. The characteristics (particle size and 
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size distribution, surface morphology and crystallinity) of WPI and WPI-protectant powders are 
also documented.  
Chapter 8: The overall discussion and conclusions drawn from this study are documented and 
the contribution made by this thesis to the relevant body of knowledge is articulated in this 
chapter. The themes that the author wished to pursue but was unable to purse due to time 
constraint are recommended for future study. 
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Chapter 2 
Drying and Denaturation of Proteins in Spray Drying Process 
2.1  Introduction 
Proteins derived from various natural sources such as plant, animal and milk are converted into 
dry powder form to enhance their stability and for long term storage. Even therapeutic proteins 
such as antibodies, which are usually delivered after reconstitution, are also first converted into 
powder (Sane, Wong & Hsu, 2004). Dry therapeutic proteins are being increasingly used in 
their native form for inhalation, pulmonary and transdermal delivery (Johnson, 1997). Non-
therapeutic proteins such as milk proteins are important ingredients in manufactured functional 
and health foods. They are also converted into dry powder form.  
Proteins are first extracted into water from their sources and subsequently the water is removed 
by drying. When dried, proteins are less sensitive to heat and other stresses; they are chemically 
more stable and have longer shelf life.  Spray drying and freeze drying are the preferred drying 
methods for protein solutions. Freeze dried proteins are subjected to less thermal stress than 
those which are spray dried. However, longer processing times, smaller dryer size, batch mode 
of production and chill injury associated with freezing are considerable disadvantages of this 
process. In addition, the capital and operational costs of the spray drying process are 4 to 7 
times cheaper compared to the freeze drying industrial technique (Chavez & Ledeboer, 2007). 
Spray drying is a well-established method for drying milk as well as pharmaceutical powders; it 
has the advantages of being hygienic, high throughput and relatively simple operation and 
desirable particle size range (Jayasundera, Adhikari, Adhikari & Aldred, 2010). However, the 
process of conversion of protein solutions into a dry powder is complex because of their 
sensitivity to heat, especially when they are still in solution (Abdul-Fattah, Kalonia & Pikal, 
2007). Spray drying of proteins has been studied by pharmaceutical and food science 
researchers (Maa & Hsu, 1997; Adler, Unger & Lee, 2000). These studies show that 
considerable amount of protein is inactivated or denatured due to thermal as well as the 
air-interface related stresses. These stresses cause irreversible damage of the secondary 
structure (α-helix, β-sheet and random coil) (Ameri & Maa, 2006).  
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The key implication of denaturation of protein is the disruption and possible destruction of both 
the secondary and tertiary structures of proteins. If a protein is denatured during powder 
formation while spray drying, the resultant spray dried powders may not dissolve and lose their 
therapeutic effectiveness as well as other functionalities such as gelling and emulsification. The 
denaturation of protein negatively impacts the properties of consumer products when they are 
used as ingredients.  
The studies conducted to understand this denaturation issue have, so far, been limited to study 
of the impact of the process parameters such as inlet and outlet dryer temperatures, air and feed 
flow rates on the quality of protein powders (Oldfield, Taylor & Singh, 2005; 
Anandharamakrishnan, Riellya & Stapleya, 2007; Gaiani et al., 2010). Some researchers have 
investigated the effect of surface composition on the structure, rehydration and wetting 
properties of spray dried powders (Kim, Chen & Pearce, 2005; 2002; Gaiani et al., 2006). A 
few researches have been carried out to understand the integral effects of both the material 
based properties (nature and type of proteins) and the process parameters (Gaiani et al., 2010; 
Maa, Nguyen & Hsu, 1998).These researches have suggested that knowledge of the kinetic of 
protein denaturation during drying of solution droplets would help explain many facets of 
protein denaturation during particle formation.  
In particular, there is very limited study of the drying kinetics (Lin & Chen, 2007); indeed there 
has been no study of the denaturation kinetics of protein at the droplet level as a function of the 
process parameters. A second important aspect which has not yet received sufficient attention is 
the behaviour of protein molecules at the droplet-air interface during spray drying. It is known 
that droplets of protein solutions rapidly form a glassy skin soon after they come in contact 
with hot air (Adhikari, Howes & Bhandari, 2007). Surface and interface science studies have 
revealed that the proteins which occupy the droplet-air interface are unfolded (denatured). 
Hence, it appears that the study of the diffusion-controlled drying kinetics and the 
quantification of the extent of protein that occupies the droplet surface during drying will 
provide valuable insights into how best to minimise the protein denaturation during spray 
drying. 
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It is now known that the use of low molecular weight surfactants (LMS) in very small 
concentrations of up to 0.05%, has the ability to displace protein from interfaces; thus 
minimizing denaturation during spray drying (Maa & Hsu, 1997; Adhikari, Howes, Bhandari & 
Wood, 2009). However, the mechanism of the action of these LMS during powder formation 
process, especially during the drying history of the protein droplets, is still under investigation. 
A study of the drying and denaturation kinetics of protein-LMS droplet will provide valuable 
insights into how best to minimise protein denaturation in spray dried protein powders. Besides 
LMSs, the other protectant solids, especially the low-molecular-weight sugars such as 
trehalose, sucrose, and lactose are being used in pharmaceutical practice to minimize protein 
denaturation. The kinetics aspects of the protection accorded by these solids to protein 
denaturation have, so far, not been studied. 
To effectively prevent denaturation of protein in spray dried powders one needs to be able to 
pinpoint at what stage of drying the protein was denatured. A model which can predict the 
timing and degree of denaturation as a function of process parameters as well as material 
properties (for example presence of protectant solids) will greatly help designing process and 
material parameters that allow production of minimally denatured protein powders. 
2.2  Drying of Protein 
A number of drying methods are used to convert protein solutions into dry powder form. Most 
drying methods involve removal of solvent either by sublimation such as freeze drying or 
evaporation such as spray drying and fluidized-bed drying or precipitation such as supercritical 
fluid technology. Among these methods, spray drying and freeze drying are by far the most 
commonly used industrial methods of drying of protein solutions (Abdul-Fattah et al., 2007). 
Although freeze-dried solid protein has the advantage of storage stability and less protein 
denaturation, it is not a direct particle formation method and requires a secondary procedure 
such as pulverization to break apart the dried protein cake into particles. Such a secondary 
process of particle formation does not allow greater control of critical particle properties such 
as particle size and size distribution, morphology and porosity. Spray drying is the most 
commonly used industrial process wherein a liquid feed is rapidly transformed in to dried 
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particles. Spray dried proteins are stored, transported and reconstituted with greater ease 
(Ameri & Maa, 2006; Oldfield et al., 2005). 
Similar to many other aqueous food solutions, the drying of protein solution occurs in three 
different periods or stages (Fig. 2.1). In the first period, the protein solution gains sensible heat 
from the drying medium due to which the drying rate remains very high and the free water is 
removed very rapidly from the droplets. The second period is the constant rate period at which 
the moisture content of the drying droplets decreases continuously while the drying rate 
remains more or less constant. The third period is the falling rate period at which very limited 
migration of water occurs from the core to the surface and the drying rate decreases as a 
function of residual moisture content. Further details on this type of drying characteristics, 
especially in spray and freeze drying processes, can be found in relevant chapters in this 
handbook. 
 
Fig. 2.1. A typical drying curve; where moisture content and droplet temperature histories are 
presented for α-lactalbumin. Initial lactalbumin content = 10% (w/v), initial droplet diameter = 
2.0±0.1 mm, air temperature = 65 oC, air relative humidity = 2±0.5%, air velocity across the 
drop = 0.5 m/s.  
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2.2.1 The Spray Drying Process 
Spray drying of both food and pharmaceutical proteins has received due attention from 
pharmaceutical and food science researchers (Schmitz, Gianfrancesco, Kulozik, & Foerst, 
2011; Adler et al., 2000; Oldfield et al., 2005). Similar to other spray dried products, spray 
drying of protein solution involves of three steps of operation: atomization, dehydration, and 
powder collection (Fig. 2.2). The protein solution is atomized into a drying chamber. Rotary 
wheel atomizer is preferred where large powder throughput is required. A number of twin-fluid 
or pressure nozzles are required to meet the same throughput. Aided by the large specific 
surface area of the droplets and the hot air, dehydration of protein solution droplets takes place 
in matter of seconds in spray dryers. Finally, the dry particles are carried into the cyclone or 
other collection devices and the powder is collected. Similar to non-protein solutions, the most 
important process parameters in the spray drying of proteins include: inlet and outlet 
temperature of dryers, flow rate and flow pattern of air in the drying chamber and residence 
time. Amongst these parameters, dryer outlet temperature is the dominating factor in 
controlling the drying rate and important particle characteristics, such as particle shape and the 
residual moisture content of spray dried proteins (Anandharamakrishnan et al., 2007; Oldfield 
et al., 2005). 
2.2.2 Spray Drying of Food Proteins in Food Industry 
Food industry, especially the dairy industry produces large quantity of food proteins such as 
whey protein concentrate and whey protein isolate. Spray dried food protein powders are 
subsequently used in baby formulae and other food products. The understanding of drying of 
protein solutions in spray drying process is important in drying of probiotic and non-probiotic 
bacteria as well as the denaturation of cellular protein that is responsible for death of the viable 
cells (Ghandi, Powell, Howes, Chen & Adhikari, 2012). Spray dried protein powder are also 
very commonly used as encapsulating shell materials for food colour, aroma, herbal extracts 
(Re, 1998; Rodrigues & Grosso, 2008) and sticky food materials (Adhikari et al., 2009).  
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Fig. 2.2.  A schematic diagram of a spray dryer (left).The stresses affecting the drying and 
denaturation process of protein during droplet drying inside the chamber (right). 
2.3  Protein and Protein Structure  
Proteins are large molecules which perform many biological functions in living system 
including enzymatic activities and transporting molecules and structural units of the body. 
Proteins consist of one or more polypeptides typically folded into a globular or fibrous form in 
a biologically functional way. A polypeptide is a single linear polymer chain of amino acids. 
As illustrated through chemical formula below, they are bonded together by peptide bonds 
between the carboxyl and amino groups of adjacent amino acid residues. The protein interior 
contains little space and is closer to a solid than to a liquid (Klapper, 1971).  
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To perform activities the protein units need a definite and stable 3-dimensional structure. When 
a protein folds to form a well-defined 3-dimensional structure, it exhibits primary, secondary, 
tertiary and quaternary levels of structures. The genetically determined sequence of amino 
acids is the primary structure. The primary structure is often modelled as beads on a string, 
where each bead represents one amino acid unit. The intermediate level of protein structure is 
called secondary structure. This includes the α-helices, β-sheets, and turns which allow the 
amides to hydrogen bond very efficiently with one another. The tertiary structure might be 
modelled as a tightly-packed snowball to form the well-defined three dimensional structure, 
where each atom in the protein has a well-defined location. Quaternary structure is formed by 
several protein molecules (polypeptide chains), usually called protein subunits, which function 
as a single protein complex (Campbell & Farrell, 2006).  
The folded form is the functional form of proteins. This form is stabilized mainly by the burial 
and tight packing of peptide groups and non-polar side chains. However, some charged groups 
are also in the burials. The other driving forces favouring the folded form are charge-charge 
interactions, salt bridges, hydrophobic interactions and hydrogen bonding (Pace, Trevino, 
Prabhakaran & Scholtz, 2004). The contributory amount of forces in stabilizing proteins are 
found to be: i) about 10 kcal mol-1 by charge-charge interactions (Pace, Alston & Shaw, 2000) 
ii) less than 1 kcal mol-1 by pairs of salt-bridges near the surface (Marti & Bosshard, 2003) and 
more than 4 kcal mol-1by the buried pairs (Anderson,  Becktel & Dahlquist, 1990)  iii) ) about 
1.2 kcal mol-1 by hydrophobic forces ( Pace, 2001) iv) more than 1 kcal mol-1 by each hydrogen 
bond (Fersht, 1987; Myers & Pace, 1996) v) 59 kcal mol-1 per protein by non-polar group burial 
and 74 kcal mol-1per protein from peptide group burial (Harpaz, Gerstein & Chothia, 1994; 
Pace et al., 2004). 
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2.4  Denaturation of Protein 
The understanding of the denatured state of protein is still evolving. According to Pace et al. 
(2004), Tanford’s group was reportedly the first one to carry out careful study of the denatured 
states of proteins (Tanford, 1968). They showed that proteins approach a randomly coiled 
conformation in the presence of guanidine hydrochloride (6M GdnHCl) when their disulphide 
bonds are broken. It has become clear in recent years that some proteins are unfolded even 
under local physiological conditions and these are referred to as ‘natively unfolded’ proteins 
(Uversky, 2002). It has been commonly accepted now that water is essential to the functional 
folding of most proteins. Therefore, the thermal and dehydration related stresses occurring in 
drying process can partially or completely denature/inactivate some proteins, including their 
enzymatic function, presumably through the loss of structure (Hanafusa, 1969; Wolkers, van 
Kilsdonk &  Hoekstra, 1998). 
The denaturation of protein involves loss of their tertiary and secondary structures.  This 
typically occurs by application of some external stresses, out of which thermal, interfacial and 
dehydration related stresses are the most important stresses causing denaturation of proteins in 
drying processes. These stresses disrupt the tertiary structure and subsequently the α-helix and 
β-sheets of native proteins are turned into unfolded random shapes. When a protein in unfolded, 
the hydrophobically buried sites are exposed to the solvent and subsequently interact with 
interfaces and other unfolded polypeptides. The unfolded protein allows subsequent cross-
linking interactions such as protein-protein hydrophobic, electrostatic, and disulphide-
sulfhydryl interactions. These interactions result in aggregation, coagulation, and, finally 
precipitation (Pelegrine & Gasparetto, 2005; Anandharamakrishnan et al., 2007). 
2.4.1  Causes and Implications of Protein Denaturation 
The most common factors affecting denaturation of proteins are: solvent conditions, 
temperature and surface interactions (Cleland, Powell & Shire, 1993). All these factors are 
relevant to protein drying. Solvent conditions such as pH, salt or presence of certain chemicals 
can cause denaturation of protein. When the pH of the solution approaches the isoelectric point 
of protein, due to insufficient repulsion forces, association occurs among protein assemblages. 
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A similar phenomenon is observed in high salt solution, where the proteins get masked and 
associate each other. Longer time duration in association state leads to subtle changes of 
particles gradually resulting in irreversible aggregation. At elevated temperatures, the protein 
molecules become flexible and increase intermolecular collision, which greatly increase the 
probability of protein denaturation. Protein aggregation or irreversible denaturation usually 
involves interaction of two or more denatured proteins. It has been shown that there are three 
interactions that occur during protein denaturation of proteins which are briefly presented 
below (Cleland et al., 1993). Firstly, the non-covalent or hydrophobic interactions in which the 
increased exposure of hydrophobic groups occurs by increased temperature. Secondly, the 
surface interaction in which the unfolded proteins are accumulated on a hydrophobic surface 
such as the surface made by silica which promotes the aggregation of denatured protein. 
Thirdly, the interfacial interaction in which the interfacial forces such as air-liquid or air-solid 
interface and shear forces exerted during the atomization can result in denaturation of protein. 
The degree of denaturation is higher at increased residence time of protein particles at the 
air-liquid or solid interface. The denaturation of protein can be indirectly measured by 
observing the change of some characteristics of native proteins such as loss of solubility, 
increase in hydrophobicity, increased proteolysis or the loss of resistance to the action of 
proteolytic enzymes and loss of biological activities (Cleland et al., 1993). 
2.4.2  Denaturation of Protein During Spray Drying  
At the early stage of spray drying the surface of the protein solution droplets remains saturated 
by water; i.e., the relative humidity remains close to 100%. The temperature of the droplet 
remains at the wet-bulb temperature, which is significantly lower than the temperature of the 
drying medium. As drying progresses, the droplet temperature begins to rise as rate of moisture 
diffusion from the interior becomes substantially lower than that required to maintain saturation 
of moisture at the surface. Gradually the protein is converted into dry solid state; this particle 
formation process can alter the secondary structure (α-helix, β-sheet, and random coil) to some 
extent. This means that the dry powder formation process can irreversibly inactivate the protein 
to some extent (Tzannis, Meyer & Prestrelski, 1997). Two other possible sources of stress 
encountered during spray drying are atomization and the air-water interface (Fig. 2.2). It has 
been reported that the share rate imparted on the air-water interface sensitive protein such as 
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recombinant human growth hormone (rhGH) may cause significant stress on protein which 
results into unfolding and exposing of hydrophobic region (Maa et al., 1998). The unfolded 
protein may then undergo aggregation by the interaction of the exposed hydrophobic regions 
with other unfolded molecules until precipitation occurs. Over 70% of whey protein may be 
denatured during spray drying (Anandharamakrishnan et al., 2007). 
A number of studies have confirmed that the outlet temperature of spray dryer significantly 
affects denaturation of protein during spray drying. For example, Anandharamakrishnan et al. 
(2007) and Oldfield et al. (2005) showed that the denaturation of protein in spray drying occurs 
even when the outlet temperature is as low as 60 oC and wet bulb temperature is as low as 
44.5 oC. Haque, Aldred, Chen, Barrow and Adhikari (2013a) also reported that the denaturation 
of whey protein isolate in convective single droplet drying experiments started at around 55 oC. 
Anandharamakrishnan et al. (2007) also found that almost complete denaturation was observed 
when the outlet temperature was set at 120 oC. It was hypothesized that the crust formation 
which usually causes the drop temperature to rise while still maintaining a wet core, is likely to 
lead to high level of denaturation. They further reported that the extent of denaturation as well 
as the solubility decreased with increase in concentration of protein in the feed. 
2.5  Methods of Quantifying Protein Denaturation 
A number of methods have been used to quantify protein denaturation. The most frequently 
used methods to determine the protein denaturation are briefly presented below. 
• Fourier transform Infra-red (FTIR) spectroscopy 
• Circular dichroism (CD) 
• High performance liquidchromatography (HPLC) 
• Fluorescence spectroscopy 
• Differential scanning calorimetry (DSC) 
• Polyacrylamide gel electrophoresis (PAGE) 
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2.5.1  Fourier Transform Infra-red (FTIR) Spectroscopy 
FTIR measures the wavelength and intensity of the absorption of IR radiation energy by the 
protein sample. The polypeptide and protein repeat units give rise to nine characteristic IR 
absorption bands, namely amide A, B, and I−VII. Among these bands, the amide I and II bands 
are the two most prominent vibrational bands of the protein backbone (Susi & Byler 1986; 
Surewicz & Mantsch, 1988). The amide I band is mainly associated with the C=O stretching 
vibration (70-85%) and Amide II results from the N-H bending vibration (40-60%) and from 
the C-N stretching vibration (18-40%). FTIR provides useful information about the secondary 
structure content of proteins, because both the C=O and the N—H bonds are involved in the 
hydrogen bonding that takes place between the different elements of secondary structure.  
 
Fig. 2.3. Absorbance spectra from FTIR of native and single droplet dried (SDD) whey protein 
isolate; dried for 500 s at 65 oC, 0.5 m/s air velocity and about 5% relative humidity. 
Researchers have successfully used FTIR method to observe structural alteration of protein 
(Wolkers, 1998; Farrell, Wickham, Unruh, Qi & Hoagland, 2001; Haque, Bhandari, Gidley & 
Deeth, 2011). Fig. 2.3 presents the typical FTIR spectra of 2.5% native and convectively dried 
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whey protein isolate (WPI) solution in deuterium oxide (D2O). The drying was carried out for 
500 s  at 65 oC, 0.5 m/s air velocity and relatively dry air having relative humidity around 5%. 
2.5.2  Circular Dichroism (CD) 
CD works on the principle of unequal absorption of left-handed and right-handed circularly 
polarized light by the optically active medium. When asymmetric molecules interact with light, 
they may absorb right and left handed circularly polarized light to different extents. The 
structural changes of protein by unfolding are quantified by the comparative measurement of 
CD signals between standard and treated samples. The most widely used applications of CD are 
to assess the secondary structure and the effect of mutation on conformation stability of protein 
(Sreerama, Venyaminov & Woody, 1999; Farrell et al., 2001). 
2.5.3  High Performance Liquid Chromatography (HPLC) 
HPLC is used for quantifying the amount and characteristics of peptides and proteins quite 
recently. HPLC allows rapid and automated analyses proteins with better separation and very 
high resolution (Ferreira, Mendes & Ferreira, 2001). Among the available HPLC approaches 
reversed-phase chromatography (RPC) and size exclusion chromatography (SEC) are 
reportedly the most suitable methods for the separation of denatured protein (Ferreira et al., 
2001; Dissanayake & Vasiljevic, 2009; Haque et al., 2013a). After separating the coagulated 
proteins through filtration or centrifugation the supernatants are passed through the HPLC. The 
extent of denaturation is determined by comparing the peaks of the untreated and treated 
proteins. Fig. 2.4 presents a typical chromatograph showing the separation of major 
components of whey protein. This figure also comparatively presents changes of peak areas and 
elution time as affected by the drying process. These single droplets of (10% w/v) WPI solution 
were dried at 65 oC and 80 oC for 300 s. 
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Fig. 2.4. Diminished peaks with increased retention time of reversed-phase HPLC column for 
the 65 °C & 80 oC convective dried sample (black, red & blue line to present native, 65 °C and 
80 oC dried WPI respectively). 
2.5.4  Fluorescence Spectroscopy 
The fluorescence emission spectra from protein sample provides quantitative or qualitative 
information on functionality of protein. Researchers have used this technique to investigate the 
denaturation of very samll amount (micrograms) of proteins (Haque et al., 2013a; Gaudet et al., 
2010; Elshereef, Budman, Moresoli & Legge, 2006). To prepare the sample, the solution of  
denatured proteins and native protein (control) are filtered properly.The fluorescence peak of 
the native protein is taken as 100% and the peak of denatured samples are calculated relative to 
this value. Another good application of this instrument is to obseve the structural transition of 
‘molten globule state’ of protein during the coruse of unfolding using anilino-naphthalene-
sulfonate (ANS) fluorescence spectroscopy (Haque et al., 2013a). The changes in the maginitue 
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of fluorescence signals due to hydrophobic mutation of 10% (w/v) WPI by convective drying at 
65 oC are presented in the Fig. 2.5.  
 
Fig. 2.5. Change of surface hydrophobicity during single droplet drying of whey protein isolate 
as measured by ANS Fluorescence spectroscopy. 
2.5.5  Differential Scanning Calorimetry (DSC) 
DSC has also been used to quantify the protein denaturtion by heat and is a generally accepted 
technique for the study of the energetics of protein denaturation (Anandharamakrishnan et al., 2007; 
Ibanoglu, 2005). It measures the denaturation by measuring the heat capacity of a sample as a 
function of temperature. The enthalpy of denaturation indicates the amount of native protein 
that is present in the sample. Higher enthalpy values indicate to higher extent of residual 
protein. DSC also can provide important thermodynamic parameters such as enthalpy, heat 
capacity change etc (Bruylants, Wouters & Michaux, 2005). 
2.5.6  Polyacrylamide Gel Electrophoresis (PAGE) 
PAGE protein assay characterises proteins in terms of their molecular size, conformation and 
net charge. This method is used in three distinct forms in protein analysis. The non-reducing 
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SDS-PAGE can measure the aggregation of protein due to non-covalent forces. The reducing 
SDS-PAGE can measure the aggregation of protein due to disulphide bonds. The Native PAGE 
can separate denatured protein based on the native charge and hydrodynamic size of protein. 
The amount of denatured protein is calculated from the relative changes of intensity and 
volume of band (Oldfield et al., 2005; Levieux, Levieux, El-Hatmi & Rigaudiere, 2006).  
 
Fig. 2.6. A native-PAGE bands presenting the isothermal heat denaturation of BSA at 70 °C. 
Numbers in the boxes indicate the heating time in minutes. 
The working principle of Native-PAGE for separating/quantifying proteins, based on charge 
and size allow quantification of the amount of denatured protein with relative ease. Moreover, 
much detailed information such as causes of aggregation can be obtained when all the three 
forms of PAGE analysis are used (Oldfield et al., 2005). Besides, the recent developments in 
image acquisition and analysis software have made it more convenient in using the PAGE 
experiments quantitatively. Typical Native-PAGE bands of 10% (w/v) BSA during isothermal 
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heating in water at 70 oC are presented in Fig. 2.6. This figure presents the relative strength of 
the bands due to isothermal heating. The continued decrease in the native-PAGE band strength 
and the concentration of denatured proteins on the top of the gel (due to inability to diffuse 
through the gel) as a function of time indicate the denaturation of proteins.   
It is argued earlier that the understanding of protein denaturation is still evolving. Denaturation 
of protein does not necessarily make it insoluble. Because of this reason, it is not possible to 
quantify and explain of denaturation of protein using a single method or a single instrument. 
Every method or instrument works based on a particular principle and carries some inherent 
limitations. For example, RPC works on the basis of solubility and hydrophobicity but it is 
insensitive to change in the size of protein due to denaturation. On the other hand, SEC 
measures the alteration in the size of protein due to denaturation. Similary, FTIR measures the 
denaturation of protein based on the vibration of secondary structure. Because of these reasons, 
a researcher should judiciously select the methodology and instrument in order to quantify the 
denaturation of protein. 
2.6  Protectants to Minimise Denaturation during Spray Drying 
When the particle temperature increases beyond a certain level (depending on the nature of the 
protein) during spray drying, the tertiary structure of protein starts to break and gradually alter 
the secondary structure. As the dehydration occurs at elevated temperatures at greater rates, the 
removal of water molecules causes insufficiency of hydrogen bonds needed to stabilize the 
secondary structure of a protein. Besides, the interfacial stresses are high in atomized droplets 
of micron size because of the very high surface area to volume ratio.  Hence, it can be reasoned 
that to control denaturation in spray drying one should stabilize the protein against thermal and 
interfacial stresses. 
According to the published literature, low molecular weight sugars are the most commonly 
used protectants to provide some degree of protection against protein denaturation in spray 
drying process (Arakawa & Timsheff, 1982; Sarciaux & Hageman, 1997; Allison, Chang, 
Randolph & Carpenter, 1999). Two different mechanisms have been suggested to protect 
proteins by using sugar during drying. Some authors (Carpenter & Crowe, 1989; Carpenter, 
29 
 
rakawa, & Crowe, 1991; Wolkers et al., 1998) propose that sugar molecules substitute water 
through a direct interaction with the protein molecules when the water is removed. Others 
(Franks, Hatley & Mathias, 1991) attribute the stabilizing effect of sugars on dried proteins 
mainly to the glass-forming properties of the sugars. Relatively recent investigations showed 
that the displacement of proteins from air-water interface by using low molecular weight 
surfactants (LMS) is beneficial in minimizing the protein denaturation during spray drying 
(Jayasundera et al., 2010; Maa et al., 1998). Jayasundera et al. (2010) found that the non-ionic 
surfactant such as Tween 80 was capable of displacing a substantial proportion of protein 
droplets/particles from the droplet-air interface. Since LMS are kinetically advantaged to 
replace protein at air-water interface, the interface related unfolding is minimised in the 
presence of LMS. 
2.7  Modelling Protein Drying and Denaturation Kinetics 
2.7.1  Prediction of Drying Kinetics 
Various mathematical models and simulation tools have been developed to predict temperature-
time and moisture-time profiles and morphological changes of droplets inside a spray dryer. 
These simulations are usually validated using data obtained from single droplet drying 
experiments (explained in Section 2.7.1.4). The currently available models applied to predict 
the drying kinetics of droplets can be placed into three categories: 
• Characteristic Drying Rate Curve (CDRC) model  
• Distributed parameter model 
• Reaction Engineering Approach (REA) model 
2.7.1.1  Characteristic Drying Rate Curve (CDRC) Model 
CDRC basically presents the moisture evaporation kinetics data using the drying rate as 
dependent variable and the moisture content as independent variable. This approach of 
modelling was subsequently extended to model the drying behaviour of droplets/particles in 
spray drying operations (Langrish & Kockel, 2001). Some interesting and valuable features of 
the CDRC is that this modelling approach allows easy determination of the critical moisture 
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content at which the falling rate period occurs and the equilibrium moisture content at which 
the drying process effectively ceases. The parameters of the CDRC model; however, depend on 
the characteristics of the material and drying conditions. 
2.7.1.2  Distributed Parameter Model 
The distributed parameter based models are more realistic for solving the mass and heat 
transfer in droplet drying. This is because it allows for more realistic distribution of the 
moisture within the droplets (Sano & Keey, 1982; Mezhericher, Levy & Borde, 2008). 
Adhikari, Howes, Lecomte and Bhandari (2005) and Adhikari et al., (2007) extended the 
modelling approach proposed by van der Lijn, Kerkhof and Rulkens (1972) to carbohydrates 
(sugars and maltodextrin) in spray drying environment. This model requires solving a set of 
partial and ordinary differential equations. However, this approach requires fundamental 
material properties such as moisture diffusivity, thermal conductivity and desorption isotherm 
data as well as the knowledge of air psychometric properties. It also requires appropriate ways 
to track the receding interface. The model gets complicated if the formation of skin or crust has 
to be taken into account (Mezhericher, Levy & Borde, 2007). As a result, the numerical 
solution by this method can demand significant computer resources and time especially when 
the drying kinetics of large number of droplets have to be taken into account.  
2.7.1.3  Reaction Engineering Approach (REA) 
The REA modelling approach was initially developed by Chen and Xie (1997).This approach 
does not require resolving the moisture distribution within the droplet and hence is easier to 
implement in simulation packages.  
The basic mass balance equation for drying can be expressed as the equation (1). 
)( ,, bvsvms Ahdt
dXm ρρ −−=        (1) 
where ms is the dry solid mass of the sample (kg), X is the average moisture content on dry basis 
(kg.kg-1), t is time (s), ρv,s is the surface vapor concentration (kg.m-3),  ρv,b is the water vapor 
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concentration in the drying medium (kg.m-3),  hm is the mass transfer coefficient (m.s-1) and A is 
the surface area of the droplet/particle (m2). 
According to REA modelling, equation 1 can be expressed as equation (2). 

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dt
dXm ,, )()exp( ρρ      (2) 
where, the surface vapor concentration (ρv,s) has been scaled against saturated vapor 
concentration (ρv,sat) using equation (3) 
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where, ΔEv represents the additional difficulty to remove moisture from the material when it is 
being dried. R is the universal gas constant (J.mol-1.K-1). T is the temperature of the 
droplet/particle being dried (K). 
In order to obtain the temperature profiles during drying, the mass balance equation represented 
by equation (1) needs to be coupled with the heat balance. For a droplet drying system 
mentioned above, the heat balance can be written as the equation (4): 
)(5.0)( TTkhddH
dt
dXmTThA
dt
dTmC bfffvsbpd −+∆+−= π    (4) 
where, m is the mass of the droplet/particle (kg), Cpd is the specific heat capacity of 
droplet/particle (J. kg-1. K-1), h is the heat transfer coefficient (W.m-2.K-1) and ∆Hv is the latent 
heat of vaporization of water (J. kg-1). The last part in the right-hand side of equation (4) 
represents the heat conducted through the filament to the droplet assuming the filament as an 
infinite fin as given by equation (Adhikari et al., 2007; Haque, Putranto, Aldred, Chen & 
Adhikari, 2013b). An application of REA modelling to predict the temperature and moisture 
profiles (using equation 2 & 4) during convective drying of 10% (w/v) WPI at 80 oC air 
temperature and their validation with single droplet drying experimental data are presented in 
Fig. 2.7. 
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Fig. 2.7. Experimental and predicted temperature (T) and moisture content, MC, (X) profiles of 
WPI droplet during drying at 80 oC air temperature. 
2.7.1.4  Single Droplet Drying (SDD) 
The quality of spray dried protein powders depends on proper control of the moisture content 
and temperature profiles of droplets/particles during processing. It is therefore important to 
have a priori information on the drying kinetics of the droplets subjected to spray drying 
environment. However, given the mechanical configuration and the presence of billions of 
droplets and particles within the spray drying chamber, drying kinetics of these 
droplets/particles cannot be measured. So a purpose-built single droplet dryer (Fig. 2.8) is used 
to have some idea of drying kinetics of droplets in spray drying operations (Ranz & Marshall, 
1952; Sano & Key, 1982; Lin & Chen, 2002; Adhikari et al., 2007; Mezhericher, Levy & 
Borde, 2010; Ghandi,  Powell,  Chen & Adhikari, 2012; Haque et al., 2013b). These single 
droplets drying experiments are undertaken in order to measure the drying kinetics and observe 
morphological changes during the particle formation process. Single droplet drying 
experiments do not take into account many of the complex interactions that may occur within 
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as pray dryer. For example, it is not possible to measure the effects of possible free rotation, not 
possible to create droplets within the size range occurring in spray drying and the air velocity 
cannot be as large as occurring in spray drying operations. However, it does offer a practical 
and direct way of observing the rate of evaporation and drop-wise morphological changes that 
occur at droplet/particulate level within practical limitations. The experimental findings of SDD 
studies can serve as validation of mathematical models developed and provides understanding 
of heat and mass transport process in droplets subjected to spray drying. 
2.7.2  Prediction of Denaturation Kinetics 
The denaturation kinetics of proteins during convective drying can generally be expressed by 
the first-order reaction kinetics model [equation (5)] (Skelte & Anthony, 1996; Oldfield et al., 
1998; Haque et al., 2013b). 
Ck
dt
dC
d−=     (5) 
where,  kd is the denaturation rate constant (s-1), C is the protein concentration (%) at each time. 
The denaturation rate constant, kd can be expressed as a function of temperature and water 
content of the drying droplet as given by equation (6) (Meerdink &Van’tRiet, 1995).  





 +−=
RT
bXEaXkk aod exp                         (6) 
An application of equations (5) and (6) to predict denaturation kinetics of major whey protein 
constituents such as α-lactalbumin and β-lactoglobulin has been presented in Fig. 2.9. The 
droplets of 10% (w/v) WPI were dried using single droplet dryer at 80 oC air temperature at 0.5 
m/s air velocity. The first order kinetic model represented by equations (5) and (6) were then 
used to predict the experimental (measured by RP-HPLC) data. It can be seen from Fig. 2.9 that 
the firs order kinetic model predicts the denaturation kinetics data well when the moisture 
temperature dependence of the denaturation rate constant (kd) is properly accounted for.   
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Single droplet dryer Suspended droplet before drying Magnified WPI droplet 
of 2 mm dia. 
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Fig. 2.8. Pictorial view of single droplet dryer and the morphology of whey protein isolate 
(WPI) droplet during drying at 65 °C air temperature with 0.5 m/s air flow rate (Food & 
Biomaterial Sciences Laboratory., Federation University, Australia). 
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Fig. 2.9. Experimental and predicted denaturation profiles of α-lactalbumin and β-lactoglobulin 
during droplet drying of 10 % (w/v) WPI at 80 oC drying temperature (estimated error = 
5.5±0.5% and  Ea = 45±1 kJ.mol-1). 
2.8  Concluding Remarks 
The demand for structurally intact and functionally native-like food and pharmaceutical protein 
powders is increasing continuously. The application of spray dryers to produce both the food 
and pharmaceutical powders is increasing due to large throughput and hygienic operation of 
spray dryers. However, minimizing the heat, dehydration and interface induced stresses and 
minimizing the protein denaturation during spray drying is currently a major challenge. The 
understanding of relationship between process parameters and protein denaturation and 
understanding of appropriate methods to quantify protein denaturation are evolving over time. 
The quantification of denaturation kinetics or tracking the time and temperature at which the 
protein denatures is currently a frontier where much research needs to be carried out. In this 
context, we have systematically used single droplet drying paradigm to quantify and then 
model the denaturation of protein in convective drying environment. We also used the reaction 
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engineering approach to successfully predict the drying kinetics of protein droplets. The 
protectant solids such as low molecular weight sugars help minimize protein denaturation 
during drying. Similarly, the air-water interface active low molecular weight surfactants also 
minimize the denaturation of protein at the interface. The measurement and modeling of drying 
kinetics of proteins in the presence of these protectants improve our understanding and enable 
us to rationally design spray dryers to obtain minimally denatured protein powders. 
While several other drying techniques can be employed to dry protein solutions, at the present 
time only spray and freeze dryers are dominantly used on industrial scale. Readers are referred 
to other chapters of this handbook for details about various dryer types that can handle heat-
sensitive food and pharmaceutical protein solutions to produce dry powders. 
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Supplementary Literature Review and Material Characterisation 
2.S1  Whey Protein Isolates (WPI) 
Once the lactose, fat and minerals are removed from bovine milk the protein-rich fluid contains 
primarily casein (about 80%) and whey proteins (about 20%). Both the casein and whey 
proteins are heterogeneous mixtures of a number of proteins. Compared to casein the whey 
proteins contain better organized secondary and tertiary structures which help to form three 
dimensional globular shape (Ng-Kwai-Hang, 2011). The four major whey proteins fractions 
namely, β-lactoglobulin (β-lg), α-lactalbumin (α-lac), bovine serum albumin (BSA) and 
immunoglobulins (Ig) comprise more than 95% of whey proteins. Some important 
specifications about those proteins are listed in Table 2.S1. Whey protein concentrates (WPCs) 
and whey protein isolates (WPIs) are produced by removing water from the fluid whey. When 
the whey protein content is ≥90% (w/w), the product is known as whey protein isolate (WPI) 
(Bryant & McClements, 1998). 
Table 2.S1. Physical characteristics of the major whey protein constituents (Ng-Kwai-Hang, 
2011; Cavallieria, Costa-Nettob, Menossib & Cunha, 2007; Etzel, 2004). 
Proteins Molecular 
mass (Da) 
No. of amino acid residues Concentration 
 (g l-1 of fluid 
milk) 
Isoelectric 
pH 
β-lg 18,277 162 3.2 5.2 
α-lac 14,175 123 1.2 4.4 
BSA 66,267 582 0.4 5.1 
Ig 143,000-
1,030,000 
Made up of two shorter and two longer 
chains, each containing about 200 and 
450–600 amino acid residues, respectively 
(Ng-Kwai-Hang, 2011). 
0.8 5.5-8.3 
 
WPI used in this research project was collected from Fonterra Cooperative, New Zealand (WPI 
895) and Ultimate Nutrition, Lancashire, UK (Iso Sensation(R) 93). The sample used in spray 
drying experiments was IsoChill WPI (Iso Sensation(R) 93) which has been claimed by the 
46 
 
manufacturer to contain 93% undenatured and fully bioactive protein.  The denaturation 
enthalpy value and IR spectra of this sample were determined as reported in Chapter 7. The 
denaturation enthalpy and the denaturation temperature of WPI were found to be 1.882 J/g and 
77.83 oC, respectively (Fig. 7.3); which are similar to those reported in the case of undenatured 
WPI (Ju, Hettiarachchy & Kilara, 1999; Dissanayake, 2011). The composition of secondary 
structural features of this WPI was found to be 43.0% β-sheet, 22.8% α-helix and 34.2% β-turn 
(Table 7.1). These values are in good agreement with the composition of secondary structural 
features of native WPI (Ramos et al., 2013; Zhu & Damodaran, 1994). Our chromatographic 
analyses with Iso Sensation(R) 93 also found to elute the major whey proteins in the appropriate 
order without producing any extra peak(s) (Fig. 7.1B) (Dissanayake, and Vasiljevic, 2009). It is 
known that if the proteins aggregate due to denaturation extra peak(s) appear when the samples 
containing denatured proteins pass through the size-exclusion column.  
The individual whey proteins (α-lac, BSA, β-lg A and β-lg B having electrophoretic purity ≥ 
95%) were purchased from Sigma-Aldrich (New South Wales, Australia). 
2.S2  Trehalose 
Trehalose is a non-reducing homodisaccharide in which two glucose units are linked together 
through an α-1,1 glycosidic linkage. It is odourless, crystalline, white powder having 45% 
relative sweetness of sucrose. Trehalose is reportedly the most effective sugars in stabilizing 
biomolecules against desiccation related stresses (Pagnotta, McLain, Soper, Bruni, & Ricci, 
2010; Sola-Penna, & Meyer-Fernandes, 1998). 
2.S3  Lactose 
Lactose is a reducing disaccharide sugar comprised of galactose and glucose (β-1,4 glycosidic 
linkage) and is used to stabilise proteins (Dissanayake, Kasapis, George, Adhikari, Palmer, & 
Meurer, 2013). It has 20% relative sweetness compared to sucrose and makes up 
approximately, 5-7% (w/w) of milk.  The structure of trehalose and lactose are illustrated 
through the following chemical formulas (Fig 2.S1).  
  
47 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.S1. Chemical structures of (A) trehalose and (B) lactose 
 
The α-lactose monohydrate and D-(+)-trehalose di-hydrate were purchased from Sigma-Aldrich 
(New South Wales, Australia). 
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2.S4  Surfactant 
A surface active agents (surfactants) are used to lower the surface tension at interfaces such as 
liquid-air, liquid-liquid and air-solid interfaces.  They can be broadly classified into ionic and 
non-ionic surfactant. The ionic surfactant such as sodium dodecyl sulfate (SDS) can denature 
protein even in very low concentrations (±0.1%, w/v). On the other hand, the non-ionic 
surfactant is effective to protect protein from denaturation in the similar range of concentrations 
(Cleland, Powell & Shire, 1993). The polysorbates (e.g. polysorbate-80, polysorbate-20), which 
consist of polyethoxylated sorbitan and fatty acids, are the most commonly used non-ionic 
surfactants to prevent the interfacial stress induced denaturation of proteins (Hillgren, Lindgren 
& Alde´n, 2002; Chou, Krishnamurthy, Randolph, Carpenter & Manning, 2005).  When they 
are mixed with protein solution and atomized by spray drying chamber the polysorbate groups 
preferentially assemble at air-droplet interface at much faster speed than protein molecules and 
thus protect protein from interfacial stresses. The chemical structure of polysorbate-80, which 
is one of the most widely used food grade surfactants, is shown in Fig 2.S2.  
 
 
 
 
 
 
Fig. 2.S2. Chemical structure of polysorbate-80 (Tween-80) 
 
The chemical name of polysorbate-80 is Polyoxyethylene (20) sorbitan monooleate. The 
number (20) indicates to the number of oxyethylene -(CH2CH2O)- groups present in the 
molecule. The numbers used in the nomenclature (e.g. polysorbate-80, polysorbate-20) refers to 
the type of fatty acids found in the molecule.  
The non-ionic surfactant polysorbate 80 (Tween-80TM) was purchased from Chem-supply 
(South Australia, Australia). 
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Chapter 3 
Comparative Study of Denaturation of Whey Protein Isolate (WPI) in 
Convective Air Drying and Isothermal Heat Treatment Processes 
Abstract 
The extent and nature of denaturation of WPI in convective air drying environment was 
measured and analysed using single droplet drying. A custom-built single droplet drying 
instrument was used for this purpose. Single droplets having 5±0.1 µL volume (initial droplet 
diameter 2.0±0.1 mm) containing 10% (w/v) WPI were dried at air temperatures of 45 ºC, 
65 ºC and 80 ºC for 600 s at constant air velocity of 0.5 m/s. The extent and nature of 
denaturation of WPI in isothermal heat treatment processe was measured at 65 oC and 80 oC for 
600 s and compared with those obtained from convective air drying. The extent of denaturation 
of WPI in a high hydrostatic pressure environment (600 MPa for 600 s) was also determined. 
The results showed that at the end of 600 s of convective drying at 65 °C the denaturation of 
WPI was 68.31%, while it was only 10.79% during isothermal heat treatment at the same 
medium temperature. When the medium temperature was maintained at 80 oC, the denaturation 
loss of WPI was 90.00% and 68.73% during isothermal heat treatment and convective drying, 
respectively. The bovine serum albumin (BSA) fraction of WPI was found to be more stable in 
convective drying condition than β-lactoglobulin and α-lactalbumin, especially at longer drying 
times. The extent of denaturation of WPI in convective air drying (65 oC and 80 oC) and 
isotheral heat treatment (80 oC) for 600 s was found to be higher than its denaturation in a high 
hydrostatic pressure environment at ambient temperature (600 MPa for 600 s). 
Key Words: Whey protein isolate, drying kinetics, denaturation kinetics, convective drying, 
isothermal heat treatment, high hydrostatic pressure, single droplet  
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3.1  Introduction 
Proteins consist of polypeptides that are typically folded into globular or fibrous forms and 
function in a manner as observed in nature. Each atom in the protein occupies a well-defined 
space in the folded 3-dimentional structure. The ionic and hydrophobic interactions, hydrogen 
bonding between side chains, buried non-polar groups and covalent disulphide bonds, all play 
important role in maintaining this native structure (Pace, Trevino, Prabhakaran & Scholtz, 
2004). Water is considered to be essential for the folding of most proteins. Therefore, 
dehydration processes can completely and irreversibly denature/inactivate some proteins, 
including their enzymatic function, presumably through the loss of the native structure 
(Wolkers, van Kilsdonk, & Hoekstra, 1998). Denatured/aggregated proteins not only alter the 
functionality such as foaming and emulsification compared to their native undenatured form 
but also sometimes result in malfunctioning in living systems (Dobson, 2001; Horwich, 2002; 
Thomas, Qu & Pedersen, 1995). 
The understanding of the physics of denaturation of protein has changed over the years and is 
still evolving (Shortle, 2002; Eisenberg, Kuriyan & Richards, 2002). Different proteins show 
different sensitivity under external stresses. The lack of precise methodology for applying 
stress to a selected protein and quantifying the resultant denaturation has limited the knowledge 
of denaturation of proteins, including in the drying process. A variety of researches have been 
undertaken to quantify and explain the denaturation behaviour of proteins under different 
stresses. These studies investigated the  denaturation of proteins in various in vitro stress 
conditions such as isothermal heat treatment (IHT) (Parris  & Baginski, 1991; Sava, Van der 
Plancken, Claeys & Hendrickx, 2005), high pressure treatment (HPT) (Kresic, Lelas, Herceg & 
Rezek, 2006; Patel, Singh, Havea, Considine & Creamer, 2005) and lenient steam injection 
(LSI) (Dickow, Kaufmann, Wiking & Hammershøj, 2012). The denaturation of milk proteins, 
particularly WPI, have been studied in solution used for spray drying and also in the resultant 
spray dried powders (Anandharamakrishnan, Rielly & Stapley, 2008; 2007; Oldfield, Taylor & 
Singh, 2005). However, there are no publications to date that report the kinetics of denaturation 
of WPI in convective drying environment.    
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WPI is commonly used as an ingredient in various food formulations such as baby formula, 
food supplements and nutrition bars. It is essential that WPI remains in a structurally intact 
native form in these food formulations. Besides, protein powders that are denatured during the 
powder formation process often lose their solubility, therapeutic efficacy and other functional 
properties such as gelling and emulsification. A substantial proportion of WPI gets denatured 
during the spray drying process, which results in some degree of loss of functionality. It has 
been reported that up to 70 % WPI can be denatured during spray drying 
(Anandharamakrishnan et al., 2007). Hence, it is imperative that the denaturation of WPI 
during the spray drying process is minimised in order to broaden its application. For this reason 
it is essential that the denaturation kinetics of droplets of aqueous WPI solution be quantified in 
convective drying conditions. An understanding of the physicochemical changes associated 
with the extent of denaturation of WPI at droplet level will enable powder manufacturers to 
better control the spray drying process so that denaturation is minimized. It is not yet possible 
to measure the denaturation kinetics of proteins in situ within spray drying chambers due to a 
closed configuration, the presence of millions of droplets/particles at the same time and 
complex particle-fluid interactions. For this reason the kinetics and nature of denaturation of 
proteins including WPI are not adequately understood. 
Reversed-phase high performance liquid chromatography is commonly used as a suitable 
method for measuring protein denaturation (Parris & Baginski, 1991; Ferreira & Caçote, 2003). 
The strong affinity of the hydrophobic groups of denatured proteins to the long non-polar alkyl 
chains (i.e. C8, C18) used in the reversed-phase column (RPC) makes it possible to separate the 
denatured and undenatured proteins.  
In a molten globular (MG) state proteins are partially folded and they possess a high percentage 
of secondary structure and a very low percentage or no tertiary structure. Hence, the molten 
globular state of a protein can indicate the folding/unfolding state of the protein due to the 
external stress applications (Kumar, Jayaraman, Lee, Sivaraman, Lin & Yu, 1995; Ptitsyn & 
Uversky, 1994). Generally this MG state is unstable in most globular proteins and is not easy to 
quantify. However, researchers have reported that the α-lactalbumin is comparatively stable in 
its MG state (Wijesinha-Bettoni, Dobson & Redfield, 2001; Considine, Patel, Anema, Singh & 
Creamer, 2007). It is expected that the quantification of this MG state in whey proteins in the 
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convective drying environment will provide additional insights on the extent and nature of their 
denaturation. The 8-anilino-1-naphthalene-sulfonate (ANS) fluorescence spectroscopy has been 
successfully used to investigate the structural transition in proteins (Uversky, Winter & Löber, 
1998; Lima & Prat-Gay, 1997; Considine, Patel, Singh & Creamer, 2005). The ANS binds to 
the hydrophobic surface of the protein in aqueous solutions. The extent of ANS binding 
increases when increasing numbers of hydrophobic groups are exposed enabling the monitoring 
of protein unfolding. At the MG state proteins do not have a rigid tertiary structure, so that the 
ANS hydrophobic probe gives higher fluorescence intensity. 
In this context, the aims of the current study were to measure the denaturation kinetics of WPI 
in convective drying environments using single droplets. We also aimed to compare the extent 
and trend of denaturation of WPI in convective drying environments to the extent and trend of 
denaturation of WPI in isothermal heat treatment and in high hydrostatic pressure treatment in 
water medium. The intensity of ANS fluorescence was measured for the dried WPI samples in 
order to understand the structural transitions particularly before starting the irreversible 
denaturation phase. 
3.2  Experimental Section 
3.2.1  Materials  
Whey protein isolate (WPI 895) was donated by Fonterra Cooperative, New Zealand. Other 
proteins such as α-lactalbumin (α-lac), β-lactoglobulin (β-lg A & B) and bovine serum albumin 
(BSA) having electrophoretic purity ≥ 95% were purchased from Sigma-Aldrich (Australia) 
and were used as standards in the reversed-phase HPLC tests. HPLC grade acetonitrile and 
trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich and Fisher Scientific, 
respectively. The 8-anilino-1-naphthalene-sulfonate (ANS) was also purchased from Sigma-
Aldrich. All proteins and chemicals were used as received without further purification. 
3.2.2  Methods 
The drying and denaturation kinetics for a single WPI droplet under convective drying 
conditions were measured. The denaturation kinetics data obtained from convective drying 
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experiments were compared with the isothermal heat induced and high hydrostatic pressure 
induced denaturation kinetics. The evolution/development of hydrophobicity of the WPI 
droplets was observed during convective drying experiments. 
3.2.2.1  Convective Drying 
The convective drying (CD) experiments were carried out using a custom built single droplet 
drying instrument. The design, working principle and other details of this instrument are 
provided elsewhere (Adhikari, Howes & Bhandari, 2007). Droplets of aqueous solutions 
(5±0.1µL) of WPI (10% w/v) were suspended on the tip of a glass filament. The diameter of the 
glass filament was 0.2±0.02 mm while the diameter of the rounded tip at which the droplet was 
suspended was 0.3±0.02 mm. The glass filament was passed through a Teflon tube and was 
held in the drying section of the single droplet dryer. The drying air was first passed through a 
series of dehydrating columns containing freshly dried silica gels and molecular sieves and 
finally dried to set air temperatures controlled at 45 ºC, 65 ºC and 80 °C, using PID controllers. 
The relative humidity of the drying air was measured by using EL-USB relative humidity data 
logger (Lascar Electronics, UK) and was found to vary from 3.5-2.5%.  The wet bulb 
temperatures were 18 °C, 26 °C and 30 °C, at air temperatures of 45 ºC, 65 ºC and 80 °C, 
respectively. The droplets were dried for 60 to 480 s and the denaturation degrees were 
measured at every 60 s interval with the final reading at 600 s. The velocity of the air past the 
stationary droplet was maintained at 0.5 m/s in all the experiments. Mass loss and temperature 
histories were recorded in a computer.  
3.2.2.2  Isothermal Heat Treatment (IHT) 
A sample volume of 0.5 mL WPI solution (10% WPI) was taken in 4 ml glass vials. These vials 
were then heated at 65 °C and 80 °C at the same time regime as was used during single droplet 
drying. We did not carry out IHT experiments at 45 °C, as it is known that WPI does not 
denature irreversibly at this temperature (Parris & Baginski, 1991). Micro-thermocouples were 
inserted into two additional vials containing the same amount of solution, in order to record the 
temperature history during these IHT tests.  
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3.2.2.3  High Hydrostatic Pressure Treatment 
The aqueous WPI solutions were also subjected to high hydrostatic pressure treatment at 
600 MPa for 600 s. The high pressure unit consisted of a 70 mm diameter cylindrical chamber 
with 35 litre capacity (Quintus Press-QFP 35L, Avure Technologies, Kent, WA, U.S.A). The 
pressure medium was demineralised water; the rate of pressure build up was 100 MPa per 20 s 
and required only 2 minutes to reach the set pressure value. When the compression was 
completed the pressure release was achieved within 5 s. The recorded temperature was 
22±0.3°C in the system throughout the holding time. The samples (sample size of 10 mL) were 
vacuum sealed in adequately pressure resistant flexible polyethylene bags before compression. 
3.2.2.4  Separation of Denatured Whey Proteins by Reversed-Phase HPLC 
The dried droplets were collected carefully in Eppendorf micro tubes and diluted to a 
100 µg/mL concentration with deionized water (Milli-Q). Then the pH of the diluted protein 
solutions was lowered to 4.6 by adding 0.1M HCL (Parris & Baginski, 1991; 
Anandharamakrishnan et al., 2008). It is known that the WPI remains in a native state and does 
not precipitate at this pH value unless it is irreversibly denatured. After keeping the protein 
solutions at this pH value for 30 minutes they were centrifuged at 13,000 rpm (11,500 g) for 10 
minutes. The supernatant was collected and injected onto reversed-phase HPLC to separate the 
denatured and undenatured proteins as described by Ferreira and Caçote, (2003). The same 
amount of WPI solution, without subjecting to the drying or thermal or high pressure treatment, 
was used as control. The same pH treatment and centrifugation procedures were followed for 
this control sample. The supernatant of the control samples was also injected in the same way 
to determine the denatured and undenatured fractions. This procedure was followed in the case 
of isothermal heat treated and hydrostatic pressure treated WPI samples to determine the extent 
of denaturation. 
A reversed-phase column (Aeris WIDEPORE 3.6 XB-C18, 150×2.1mm, Phenomenex Pty. 
Ltd., Australia) was used to separate the denatured and undenatured protein fractions. In these 
tests a 0.1% (v/v) aqueous solution of trifluoroacetic acid (TFA) was used as solvent A and 
0.1% TFA in 80% aqueous acetonitrile (v/v) was used as solvent B. Linear increment of 
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solvent B, from 36% to 56% over 20 min, and 56 to 60% over 10 min, was maintained and the 
process was completed by lowering the solvent B from 60% to 36% in 5 min. Finally, the 
column was re-equilibrated for 3 minutes before the next run started. The temperature of the 
column and the flow rate of the solvent were maintained at 40 °C and 0.5 mL/min, respectively. 
The injection volume of the sample was 40 µL. A UV-detector at wavelength of 215 nm was 
used in these tests. 
The percentage of undenatured or intact protein was calculated using Equation (1) using the 
sum of areas under the peaks of individual whey protein fractions (BSA, α-lac, β-lgA and β-
lgB) present in treated WPI and the sum of the peaks of these protein fractions in control 
samples, as suggested by Parris and  Baginski (1991).The residual native protein content was 
measured by first precipitating out and centrifuging the denatured protein and measuring the 
residual protein content. The elution profiles of the whey proteins were standardized by the 
standard individual whey proteins comprising (BSA, α-lac, β-lg A and β-lg B). 
Undenatured (intact) protein (%) = ΣAtreat/ ΣAcontrol× 100 ………………….. (1) 
Where, 
ΣAtreat = sum of areas under peaks of the protein fractions of treated sample  
ΣAcontrol = sum of areas under peaks of the protein fractions of control sample  
These experiments were carried out in triplicate and the average values are reported in the 
ensuing sections.  
3.2.2.5  ANS Fluorescence Spectroscopy 
The change of surface hydrophobicity in WPI due to its unfolding during the drying history 
was measured by ANS Fluorescence spectroscopy as suggested by Joshi, Adhikari, Aldred, 
Panozzo, Kasapis and Barrow (2012) and Chaudhuri, Das and Sinha (1993) with some 
modifications. The dried protein droplets were diluted to 25 ug/mL concentration in 0.1 M 
phosphate buffer (pH 7.0). Firstly, 8.0 mM aqueous ANS solution was prepared. Then 10 µL 
ANS solution was added in 7 mL diluted protein solution. The protein suspensions containing 
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the ANS were then incubated in the dark for 25 minutes. The Fluorescence intensity (FI) and 
the emission wavelength of ANS-conjugates were measured using a Shimatzu 
spectroflurometer (RF550). The emitted fluorescence spectra were recorded between 200 and 
700 nm using an excitation wavelength of 390 nm. The spectrum of ANS in buffer solution was 
measured by using the same amount of ANS in phosphate buffer without any protein. The 
relative fluorescence intensity (RFI) for each concentration was calculated by using Equation 
(2): 
RFI = (Fs-Fo)/Fo ……………………………….(2) 
Where, Fs and Fo are fluorescence intensity values of ANS in protein suspension and ANS in 
buffer, respectively. 
3.3  Results and Discussion 
3.3.1  Denaturation of Protein in Convective Drying Environments 
Fig. 3.1 shows that the whey protein BSA eluted first at the retention time of 18.80 min. Then 
α-lac, β-lg B and β-lg A eluted at 18.97, 20.94 and 21.70 min, respectively.  The order of 
elution of these proteins in reversed-phase HPLC is the same as reported in the previous 
literatures (Parris & Baginski, 1991; Ferreira & Caçote, 2003). The residual protein content of 
WPI as a function of time at three air temperatures (45 °C, 65 °C, 80 oC) during convective air 
drying and isothermal water bath heating (65 oC and 80 oC) are presented in Fig. 3.2. As can be 
seen from this figure, WPI did not denature at 65 oC during IHT. However, denaturation was 
much higher (68.31%) at 65 oC during convective drying. Interestingly, the denaturation of 
WPI was also significant during convective drying (13.73%) (p<0.05) even at 45 oC towards 
the end of drying. The denaturation histories of WPI at 65 oC in convective drying and IHT 
conditions suggest that the denaturation of WPI in convective drying condition at this 
temperature is not controlled by thermal stress (droplet temperature), rather it is controlled by 
the stress associated with dehydration (moisture loss), where water is continuously lost due to 
drying.  Furthermore, it has been previously reported that the interfacial stress also irreversibly 
denatures proteins at the air-water interface during the drying process (Maa & Hsu, 1997; Maa, 
Nguyen & Hsu, 1998). Hence, it is expected that dehydration and interfacial stresses acting 
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together are responsible for causing denaturation of protein during convective drying. The fact 
that 13.73% WPI was denatured at 45 °C at the end of 600 s indicates that the dehydration and 
the interfacial stresses play important role in the denaturation of WPI. 
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Fig. 3.1. Reversed-phase HPLC chromatograms of whey protein standards; (I) bovine serum 
albumin (II) α-Lactalbumin (III) β-lactoglobulin B and (IV) β-lactoglobulin A. 
At 80 ºC both the CD and the IHT processes led to substantial denaturation of WPI. 
Interestingly, the IHT caused much higher denaturation at this temperature than denaturation 
caused by the CD. For example, at the end of 600 s long CD and IHT, 68.73 % and 90.00 % of 
WPI was denatured, respectively (Fig. 3.2). This means that about 21% more protein is 
denatured in IHT than in CD at 600 s, when both the heating and drying media were marinated 
at 80 oC. The lower denaturation of WPI in the CD process can be attributed to the fact that the 
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droplet temperature during CD remains well below the air temperature due to evaporative 
cooling, as shown in Fig. 3.3A, B, C. This means that the protein is not subjected to the same 
extent of heat stress in the CD process as it is in the IHT process at this media temperature. 
Furthermore, as the solid concentration continuously increases when the convective drying 
progresses, the increased solid concentration is capable of providing better protection against 
both the thermal and dehydration related stresses. It appears that the moist heat above the 
denaturation temperature of WPI (>65 oC) (Parris & Baginski, 1991; Ferreira, Mendes & 
Ferreira, 2001) denatures much higher amount of WPI at a much faster rate than the dry heat 
supplied in the convective drying process. 
 
Fig. 3.2. Degree of denaturation of WPI at different convective drying (CD) stresses and 
isothermal heat treatments (IHT). 
At 65 ºC of IHT, the WPI protein does not denature irreversibly up to 350 s of heating. 
However, upon prolonged heating 10.79% of protein was lost (at the end of 600 s long 
heating). The ‘irreversibly denatured’ protein is the protein content which has been 
removed/separated through centrifugation and successive reversed-phase column extraction.  It 
can also be seen from Fig. 3.2 that after 400 s of convective drying the amount of protein lost 
or irreversibly denaturation at 65 ºC and 80 oC CD was similar (p>0.05). After that time 
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increasing the drying temperature did not further denature WPI, perhaps due to a higher solids 
content and because less water was available to cause structural changes.  
3.3.1.1  Effect of Temperature on WPI Denaturation 
As shown in Fig. 3.3 (panels A, B and C), WPI showed different patterns or trends of 
denaturation during CD and IHT processes. In the latter case, whey proteins begin to change 
their structure at 40 °C, but the irreversible denaturation starts to occur only when the medium 
temperature is ≥65 °C (Parris & Baginski, 1991). In the case of CD, WPI started to change its 
hydrophobicity, indicating that the reversible structural unfolding started even before the drop 
temperature reached 40 °C. The structural response of WPI, particularly against the stress 
caused by dehydration, started at as low a temperature as 30 °C (Fig. 3.3A, B). It can be noted 
that in this early stage of convective drying, there was fluctuation of hydrophobicity due to 
vibration of protein native (folded) structure, but it did not result in aggregation and separation 
by centrifugation. While carrying out convective drying at 45 °C, although the WPI showed 
hydrophobic perturbation up to 450 s, it started to irreversibly denature and aggregate 
afterwards when the drop temperature reached 40 °C (Fig. 3.3A). As the droplet temperatures 
at the set drying temperature of 45 oC are well below the denaturation temperature of WPI as 
observed during IHT (≥65 oC), the denaturation occurring at this temperature during convective 
air drying is due to dehydration stress, hydrophobic interactions and interface related stress, 
rather than thermal stress. The loss of protein at the later stage of convective drying at 45 °C 
and remarkably high extent of denaturation when subjected to convective drying at 65 °C, as 
opposed to negligible protein denaturation during at IHT at 65 °C, is in accordance with the 
earlier reports by Maa  and Hsu (1997) and Maa et al. (1998). That is, the stress generated at 
the air-liquid interface is detrimental to the protein structure. During the convective drying at 
65 °C, the WPI started to show change in its native structure from the early stage of drying and 
started to aggregate after 240 s. The drop temperature range at which this aggregation occurred 
was 54±2 °C, in the case of drying air temperatures of both 65 oC and 80 oC. As expected, the 
drying time at which the irreversible aggregation occurred was shorter (170 s) at a drying 
temperature of 80 oC, while it was longer (240 s) at a drying air temperature of 65 oC.  
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Fig. 3.3. Effect of temperature on denaturation degree of WPI during convective drying (CD) 
and isothermal heat treatment (IHT); (A) 45 °C (B) 65 °C and (C) 80 °C. 
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The additional time of 70 s in the case of 65 °C was responsible for causing the additional 
denaturation in WPI, as was caused within a shorter time while drying at 80 °C. However, this 
denaturation temperature range is less by 11±2 °C, as compared to the temperature at which the 
irreversible protein denaturation occurs during IHT (≥ 65 °C) (Parris & Baginski, 1991; 
Ferreira et al., 2001). Dickow et al. (2012) reported that the irreversible denaturation of whey 
proteins started at ≥ 72 °C where heating by steam and flash cooling were combined. It has also 
been reported that the denaturation of whey proteins occurs at ≥ 75 °C during direct stem 
injection (Oldfield, Singh, Taylor & Pearce, 2000). Dickow et al. also reported that whey 
proteins denature at 68 °C when heated using plate heat exchangers. 
3.3.1.2  Effect of Moisture Content on WPI Denaturation 
Although water is essential to maintain the functionality of whey proteins, above their 
denaturation temperature they get denatured more easily and to a greater extent in the presence 
of water. As can be seen from Fig. 3.4, after reaching the irreversible denaturation droplet 
temperature of 54±2 °C, at convective drying air temperatures of 65 °C and 80 °C, whey 
proteins get rapidly denatured above certain critical moisture contents (0.35 kg water/kg solid 
at drying air temperature of 65 oC and 0.56 kg water/kg solid at drying air temperature of 
80oC). It can further be seen from Fig. 3.4 that on achieving this critical moisture content, after 
420 s of 65 °C convective drying, further denaturation of WPI ceased and its native structure 
became stable due to high solid content of 74% (w/w). In the case of 80 °C convective drying, 
the WPI droplets achieved critical moisture content earlier (360 s), forming harder outer shell 
and moist interior core. At this stage, WPI droplet contained 64% solid and 36% residual 
moisture (wet basis). Hence, the denaturation process was still in progress and ceased at 420 s 
when the drying rate became very low and the residual moisture content almost stabilized. At 
these residual moisture content values the drying rates were 0.0029 (kg water/kg solid/s) and 
0.0014 (kg water/kg solid/s) at drying air temperatures of 65 °C and 80 °C, respectively.  These 
highly diminished moisture evaporation rates mean that the dehydration related stresses causing 
protein denaturation are greatly diminished. After 600 s of 45 °C convective drying the droplet 
moisture content was 0.71 kg water/kg solid with 59% solid content (w/w). At this state the 
drying rate was 0.0026 (kg water/kg solid/s) and the rate of denaturation of WPI was quite low, 
however, it was still continuing (Fig. 3.4). However, under an isothermal heating process at 
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80ºC medium temperature WPI was continued to denature. It’s denaturation rate was quite high 
at the end of 600 s, while > 90% WPI was already denatured by this time (Fig. 3.3C). 
 
Fig. 3. 4. Effect of moisture content (M C) of WPI droplet on the degree of denaturation during 
convective drying. 
 
Fig. 3.5. Change of surface hydrophobicity during convective drying as measured using an 
ANS Fluorescence probe.  
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3.3.2  ANS Fluorescence Spectroscopy 
The data obtained from ANS Fluorescence experiments provided additional insights on the 
pathway of protein unfolding, particularly the reversible conformation changes before the 
proteins start to denature irreversibly. As can be seen from Fig. 3.3B, before 240 s of 
convective drying the denaturation of WPI showed two principle features. The first feature is 
the higher hydrophobicity due to partial unfolding of the protein. The second feature is the 
lower hydrophobicity due to complete unfolding of protein. Similar two step denaturation of 
protein has been reported in earlier publications (Parris & Baginski, 1991; Sava et al., 2005; 
Considine et al., 2007). These reports suggested that at relatively low stress levels whey 
proteins partially unfold losing their tertiary structures and when the stress level is increased a 
complete unfolding of protein takes place. The completely unfolded whey protein molecules 
ultimately come together and form protein aggregates. Fig. 3.3B shows that the denaturation 
kinetics of WPI, under convective drying conditions (65 oC), exhibit both denaturation steps 
before reaching the irreversible denaturation state at 240 s onwards. At 170 s the denaturation 
curve dropped down to the first lowest value, which indicated that the droplets had higher 
hydrophobicity. At 240 s the curve reversed up to the highest point, which suggested that the 
droplets had the lowest hydrophobicity. The first highest hydrophobicity at 170 s might be due 
to the molten globule (MG) state of whey proteins. In this state proteins are partially unfolded 
with increased hydrophobic exposure, causing them to lose their tertiary structure (Kumar et 
al., 1995; Semisotnov, Rodionova, Razgulyaev, Uversky, Gripas & Gilmanshin, 1991). The 
application of a hydrophobic fluorescence probe method shows that the MG state of protein 
exhibits higher emission intensity (Fig. 3.5). At 180 s the droplets subjected to convective air 
drying at 65 oC showed the highest ANS fluorescence emission. But after 180 s the protein 
surprisingly showed lower fluorescence emission in the higher hydrophobic environment. 
Normally, after attaining the MG state, whey proteins should move to the completely unfolded 
state and then bind more ANS dye with higher hydrophobic emission. However, when these 
proteins become more unfolded, less hydrophobic emission was observed. This observation 
was further corroborated by the reversed-phase HPLC results shown in Fig. 3.3B (170 s to 
240s). This observation can be explained by invoking the ligand-protein interactions concept, 
which suggests that at increased stress levels a protein solution shows weaker emission 
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(Jayaraman, Kumar, Sivaraman, Lin, Chang & Yu, 1996). An increased number of the 
unfolded groups promote formation of communal aggregates, which reduces the number of free 
hydrophobic groups or clustered hydrophobic pockets binding with ANS (Ptitsyn, 1992; Park et 
al., 2011). As shown in Fig. 3.5, when convective drying was carried out at moderate air 
temperature (65 °C) the aqueous WPI droplets gave rise to a MG state. On the other hand, 
when convective drying was carried out at high (80 °C) and low (45 °C) temperatures, the WPI 
did not form a stable MG state. However, in the case of convective drying at 80 °C, a clear blue 
shift (Fig. 3.6) of maximum emission wavelength from 487 nm (0 s) to 485.8 nm (60 s) was 
observed, suggesting the enhanced binding ability of ANS with the hydrophobic clusters at 60 s 
(Kumar et al., 1995; Kumar, Jayaraman, Lin & Yu, 1996). This blue-shift of maximum 
emission wave length from 486.6 nm (0 s) to 486 nm (180 s) occurred while convective air 
drying at 65 oC. The red-shift in the maximum emission wave lengths was observed at 60 s and 
180 s onwards during 80 °C and 65 °C convective drying, respectively. The WPI samples from 
45 °C convective drying did not show any regular trend of movement of maximum emission 
wavelength (data not shown). 
 
Fig. 3.6. Shifting of the maximum wavelength of emitted fluorescence spectra during 
convective drying of WPI. 
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3.3.3  Denaturation of Protein Constituents of WPI 
WPI is a heterogeneous protein containing structurally and functionally different sub-fractions 
such as β-lg, α-lac and BSA. These individual proteins possess different sensitivity to both the 
IHT and convective drying. The β-lg is so far the most abundant sub-fraction of WPI, which 
further can be classified into β-lg A and β-lg B. It can be seen from Fig. 3.7A, B, C that the 
β-lg A and β-lg B have almost similar denaturation profile during convective drying. But the 
β-lg A has slightly lower degree of denaturation compared to β-lg B at IHT (Fig. 3.8), which 
agrees with previous studies (Considine et al., 2007; Havea, Singh, Creamer & Campanella, 
1998). 
The β-lg and BSA showed reversible denaturation from the beginning of convective drying and 
the extent of this reversible denaturation gradually  increased up to the point at which the 
unfolded proteins start to aggregate (240 s in Fig. 3.7B and 170 s in Fig. 3.7C) at drying 
temperatures of 65 °C and 80 °C. The α-lac showed better stability during convective drying 
with low (45 oC) and moderate (65 oC) temperatures (Fig. 3.7A, B). This finding of higher 
stability of α-lac as compared to other major whey protein fractions is consistent with results 
obtained from other methods such as spray drying (Anandharamakrishnan et al., 2008; Oldfield 
et al., 2005), IHT (Parris & Baginski, 1991; Ferreira et al., 2001) and high pressure treatment 
(Patel et al., 2005)  processes. It has been previously suggested that both the β-lg and BSA 
contain one free cysteine. Before reaching irreversible denaturation temperature (≥65 °C during 
IHT) the reversible denaturation involves mainly alterations in some of the disulphide bonds 
present in the native protein structure. This leads to reversible denaturation, which is a result of 
the change in tertiary structure and partial exposure of hydrophobic groups (Considine et al., 
2007; Wu, Perez, Puyol & Sawyer, 1999). When the intensity of the thermal and dehydration 
stresses increases further, the free cysteine molecules initiate aggregation through thiol-
disulphide exchange and promote aggregation of protein by hydrophobic association.   
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Fig. 3.7. Denaturation kinetics of BSA, α-lac and β-lg (A and B) during convective drying; (A) 
45 ºC (B) 65 ºC and (C) 80 ºC. 
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On the other hand the α-lac fraction of WPI does not contain any free cysteine. Consequently, 
this protein is more resistant to both the thermal and dehydration stresses and is less affected by 
thiol-disulphide interaction (Calvo, Leaver & Banks, 1993). However, it can be seen from 
Fig. 3.7C and the later part of Fig. 3.7B that at increased thermal and dehydration stresses 
during convective drying, this protein could not maintain the resistivity. At low and moderate 
stress (low drying temperature or shorter drying time) this protein showed comparatively higher 
structural stability (Fig. 3.7A, B). The high stability of α-lac against thermal and dehydration 
stresses can be attributed to its ability to bind calcium ions (Ca2+). The α-lac binds calcium ions 
present in the milk protein or whey protein solution (Anandharamakrishnan et al., 2008; 
Permyakov & Berliner, 2000). As extra energy is required to break the bonding with calcium 
ion, the structural integrity of α-lac seemingly remains intact or stable up to moderate level of 
stress generated in convective drying at 65 oC (up to 280 s). Even after 280 s during which the 
denaturation rate of α-lac was accelerated, it can be seen that 5% more α-lac remained intact 
compared to β-lg throughout the remaining drying period. However, at higher stress levels 
(high temperature or longer exposure time) this protein fraction showed increased sensitivity to 
the convective drying stress (Fig. 3.7C). The higher extent of thermal and dehydration stresses 
convert the soluble calcium ions into an insoluble colloidal state (Oldfield et al., 2005; 
Nieuwenhuijse, Timmermans & Walstra, 1988). Once the stability conferred by the calcium ion 
is removed, then the denaturation of α-lac is similar to that of the most sensitive whey protein 
(β-lg). The increased denaturation of α-lac during convective drying at 80 °C is in agreement 
with this interpretation (Fig. 3.7C).  
It has been consistently reported that BSA is one of the most unstable whey protein 
constituents. However, it can be seen from Fig. 3.7 (B, C) that the stability of BSA is higher 
under higher dehydration stress conditions. The stability of the BSA is significantly higher 
(p<0.05) compared to other whey protein fractions (α-lac and β-lg), particularly at the later 
stage of convective drying. For example, 24.33% and 29.00% more undenatured BSA was 
recovered compared to α-lac and β-lg, respectively during convective drying at 65 oC for 600 s 
(Fig. 3.7B). A similar trend was observed during convective drying at 80 °C for 600 s, where at 
least 11.62% more intact BSA was obtained compared to other whey protein factions 
(Fig. 3.7C). This extent of thermal stability in BSA is attributed to the presence of cysteine in 
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the BSA structure. Among the whey proteins, α-lac contains 8 and β-lg contains 5 cysteine 
residues, whereas BSA contains 35 cysteine residues (Ng-Kwai-Hang, 2011). Disulphide 
bridges can be formed between proximal cysteine residues which lead to increased protein 
structural stability. All but one of the cysteine residues in BSA form 17 strong intra-chain 
disulphide bonds (Cecil & Wake, 1962). Due to this stable molecular configuration BSA is 
more stable against the structure destabilizing stresses occurring during processes such as 
convective drying. However, in our experiments BSA showed sensitivity at the early stage of 
convective drying, probably due to the presence of one free cysteine in its structure and hence 
disulphide perturbation (Fig. 3.7A, B). At the later stages of convective drying the intra-chain 
disulphide bonds contributed to greater structural stability in BSA. It can be seen in Fig. 3.7 
(panels B,C) that at the later stage of convective drying at 65 °C and 80 °C (after 360 s and 
300 s, respectively) BSA became more stable compared to other whey protein fractions. 
 
Fig. 3.8. Denaturation kinetics of BSA, α-lac and β-lg (A and B) during isothermal heat 
treatment (IHT) at 80 ºC. 
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It was also observed from high hydrostatic pressure treatment data (Fig. 3.9) that BSA showed 
higher structural stability compared to other whey protein fractions.  This aspect will be further 
discussed in the Section 3.3.4. However, during isothermal heat treatment at 80 oC this protein 
was unable to show the high level of stability (Fig. 3.8) as has been reported in previous 
literature (Parris & Baginski, 1991; Oldfield et al., 2005). The greater stability of BSA during 
convective drying (compared to isothermal heat treatment) might be due to the fact that not all 
of the sulphur bridges present in the BSA structure break down at the same time. Some bridges 
are still intact even after convective drying for 360 s and 300 s at 65 °C and 80 °C, respectively. 
Hence, the presence of the residual sulphur bridges at the water deficient environment further 
contributed to the structural stability of BSA during convective drying. 
 
Fig. 3.9. Comparative residual stability of WPI, BSA, α-lac and β-lg (A and B) after high 
hydrostatic pressure treatment (HPT) at 600 MPa for 600 s. 
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3.3.4  Effect of High Hydrostatic Pressure on Denaturation of Whey Proteins 
High hydrostatic pressure affects the physical as well as chemical structure of proteins and 
promotes denaturation. As can be seen from Fig. 3.9, 57.5% of bovine WPI was found to 
irreversibly denature when an aqueous solution was subjected to 600 MPa hydrostatic pressure 
for 600 s. These results are comparable with the denaturation data reported earlier by Felipe, 
Capellas and Law, (1997). These authors reported that 52% goat whey protein was denatured 
when subjected to 500 MPa for 10 minutes at the same temperature. Patel et al. (2005) reported 
that the high pressure sensitivity of whey protein fractions followed the order β-lg B>β-
lg A>BSA>α-lac. However, our experiments (Fig. 3.9) found almost similar (p>0.05) degree of 
denaturation of BSA and α-lac under the same high pressure conditions. Regarding the 
denaturation of WPI by high hydrostatic pressure, the protein fractions followed the order 
β-lgB>β-lgA>BSA≈α-lac. It can be seen from Table 3.1 that high pressure treatment of whey 
proteins at 600 MPa for 600 s is less detrimental in terms of denaturation, compared to when 
they are subjected to IHT at 80 ºC for 600 s and CD at both of 80 ºC and 65 ºC for 600 s. 
Table 3.1. Comparison of whey proteins denaturation under different treatments 
Treatments 
Treatment 
condition 
Whey protein denaturation (%) 
Total WPI BSA α-lac β-lg A β-lg B 
Convective 
drying (CD) 
45 ºC, 10 min 13.73 6.22 15.06 15.10 12.17 
65 ºC, 10 min 68.31 42.48 66.81 71.77 71.34 
80 ºC, 10 min 68.73 56.48 68.1 70.16 70.01 
Isothermal heat 
treatment (IHT) 
65 ºC, 10 min 10.79 17.94 12.28 9.49 8.35 
80 ºC, 10 min 90.00 83.00 88.71 89.73 92.9 
High pressure 
treatment (HPT) 
600 MPa, 10 min 57.50 29.26 35.92 66.52 73.85 
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3.4  Conclusions 
We measured the denaturation kinetics of WPI under convective drying condition (45 ºC, 65 ºC 
and 80 oC for 600 s), isothermal heating (65 ºC and 80 ºC for 600 s) and high hydrostatic 
pressure (600 MPa for 600 c). It was found that WPI did not denature at and below 65 oC 
during isothermal heat treatment, while a substantial amount of WPI denatured during 
convective drying, at both air temperatures of 45 oC and 65 oC. The extent of denaturation 
became significant at the early stage of convective drying at 65 oC, while it became significant 
only towards the end of 600 s long drying at 45 ºC. At 80 oC, the denaturation of WPI was 
much higher during isothermal heat treatment than during convective drying process. This 
work shows that the denaturation of WPI below its denaturation temperature (68-70 oC) in a 
convective drying process is due to dehydration and interface related stresses, while above its 
denaturation temperature the denaturation is due to thermal and dehydration stresses. The 
extent of denaturation of WPI at convective air drying at 65 oC and 80 oC and isothermal heat 
treatment at 80 oC for 600 s was found to be higher than its denaturation when subjected to 
600 MPa for 600 s at ambient temperature. This study also found that the BSA fraction of WPI 
was more stable in convective drying condition than β-lactoglobulin and α-lactalbumin, 
especially at longer drying times. 
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Chapter 4 
Drying and Denaturation Kinetics of Whey Protein Isolate (WPI) during 
Convective Air Drying Process 
Abstract 
The denaturation and drying kinetics of whey protein isolate (WPI) in a convective drying 
environment was measured using single droplet drying experiments. The moisture content and 
temperature histories during drying of WPI droplets were predicted using reaction kinetics 
approach (REA)-based models. The denaturation kinetics of WPI in the convective drying 
process was predicted using first order reaction kinetics considering the denaturation rate 
constant to be moisture content and temperature dependent. Single droplets of WPI (10% (w/v), 
2.0±0.1 mm initial diameter) were used throughout these experiments. The drying experiments 
were carried out at two temperatures (65 ºC and 80 ºC) at a constant air velocity (0.5 m/s) for 
600 s. The extent and nature of the denaturation of WPI during the convective drying was 
compared with those in isothermal heat treatments (IHT) at the same medium temperatures. 
The denaturation of WPI was 68.31%, in the convective air drying at 65 oC and 600 s while it 
was 10.79% in the IHT at the same temperature and time. The stress due to dehydration and the 
exposure time were found to be responsible for the denaturation of WPI in convective drying 
process while long exposure time was found to be responsible for its denaturation in IHT 
process. At the media temperature of 80 oC, the denaturation loss of WPI was 90.00% and 
68.73% in IHT and convective drying processes, respectively. Both the thermal (moist heat) 
and dehydration stresses were found to be responsible for denaturation of WPI during 
convective drying process while very high thermal stress was found to be responsible for 
denaturation of WPI during the IHT. There was good agreement between the experimental and 
REA predicted moisture content and temperature histories. The experimental moisture content 
and temperature histories were followed by the respective REA predictions within 6.5% 
(R2 = 0.99) and 3% (R2 = 0.98) errors, respectively. The denaturation kinetics of WPI during 
convective drying was predicted well (R2=0.95-0.98; average error = 6.5±0.5%) by a first order 
reaction kinetics model. 
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Keywords: Whey protein isolate, denaturation kinetics, drying kinetics, single droplet drying, 
isothermal heat treatment, reaction engineering (REA) approach 
4.1  Introduction 
Proteins derived from various natural sources such as plant, animal and milk are converted into 
dry powder form to enhance their stability and long term storage. Even the therapeutic proteins 
such as antibodies, which are usually delivered after reconstitution, are also converted into 
powder (Sane, Wong & Hsu, 2004). Dry therapeutic proteins are being increasingly used in 
native form for inhalation, pulmonary and transdermal delivery (Johnson, 1997). Non-
therapeutic proteins such as milk proteins are important ingredients in manufactured functional 
and health foods. They are also converted into dry powder form for convenience of use and 
longer shelf-life.  
Proteins are first extracted into water from their sources and subsequently the water is removed 
by drying. When dried, proteins are less sensitive to heat and other stresses and become 
chemically more stable. Spray drying is a well-established method for drying food as well as 
pharmaceutical powders and it has the advantages of being hygienic, has high throughput and 
simple operation and produced powders with good particle size distribution (Jayasundera, 
Adhikari, Adhikari & Aldred, 2010). However, the process of conversion of protein solutions 
into dry particulate form is complex because of the sensitivity of proteins to heat, especially 
when they are still in solution (Abdul-Fattah, Kalonia & Pikal, 2007). Spray drying of proteins 
has been studied by pharmaceutical and food science based researchers (Schmitz, 
Gianfrancesco, Kulozik & Foerst, 2011; Adler, Unger & Lee, 2000; Oldfield, Taylor & Singh, 
2005). These studies show that considerable amount of protein is inactivated or denatured 
during the powder formation process. 
The implication of denaturation of protein is the irreversible damage to both the secondary 
(α-helix, β-sheet and random coil) and tertiary structures (Ameri & Maa, 2006; Tzannis & 
Prestrelski, 1999). These denatured protein powders do not redissolve well and lose their 
therapeutic effectiveness and other functional properties such as gelling and emulsification. The 
denatured/aggregated proteins may give rise to malfunctioning of living systems and hence 
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may cause functional problem in vital organs such as brain, liver, spleen and skeletal tissues 
(Dobson, 2001; Horwich, 2002; Thomas, Qu & Pedersen, 1995). In addition, denaturation of 
protein negatively impacts the properties of consumer products when they are used as 
ingredients.  
Whey protein is a mixture of globular proteins. It is one of the most commonly used proteins in 
the dairy, bakery and healthcare industries. This protein is also quite commonly used as 
nutritional supplement or additive in formulated foods because of its ability to supply all the 
essential amino acids. Besides, whey proteins are considered to be highly nutritious proteins 
due to the presence of essential minerals such as calcium (present in the whey) and sulphur and 
they have very high digestibility score (Anandharamakrishnan, Riellya & Stapleya, 2007; 
Anandharamakrishnan, Raghavendra, Barhate, Hanumesh & Raghavarao 2005). However, it 
has been reported that a considerable amount of whey proteins get denatured during the 
dehydration process. Singh and Creamer (1991) carried out a thorough investigation on the 
denaturation pattern of whey proteins during skim milk powder production. They found that 
about 90% of β-lactoglobulin and 40% of α-lactalbumin present in the whey proteins were 
denatured. These authors found that most of the denaturation occurred at the preheating section 
of skim milk manufacturing. Anandharamakrishnan et al. (2007) found that up to 70% 
denaturation of WPI occurred in powder manufacturing process including drying. Hence, it is 
of practical importance to minimise denaturation of whey proteins in drying processes in order 
to maintain their natural characteristics and to broaden the range of their application. Because 
of this reason it is essential to quantify the extent and nature of drying and denaturation kinetics 
of proteins during the formation of dried protein particles. A better understanding of the 
physics of drying and denaturation of whey proteins allows development of process protocols 
those result into minimum protein denaturation.  
Reversed-phase high performance liquid chromatography (RP-HPLC) is commonly used as a 
suitable analytical method for measuring protein denaturation (Ferreira & Caçote, 2003; Parris 
& Baginski, 1991). The strong affinity of the hydrophobic groups of denatured proteins to the 
long non-polar alkyl chains (i.e. C8, C18) used in the RP-HPLC column makes it possible for 
this method to separate the denatured and undenatured proteins. 
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The reaction engineering approach (REA) applies the principles of chemical reaction 
engineering in modelling and simulation of drying processes. It was proposed by Chen in 1997 
(Chen & Xie, 1997; Chen, 2008) and has been successfully used to model a number of complex 
drying processes (Patel & Chen, 2008; Rogers, Wu, Lin & Chen, 2012; Mezhericher, Levy & 
Borde, 2007). In REA, the evaporation is modelled as zero order reaction with activation 
energy while the condensation is described as first order reaction with respect to the 
concentration of water vapour in air without activation energy. The REA does not assume the 
uniform moisture content but it evaluates the average moisture content during drying. It has 
been proven to be simple, accurate and effective approach in modelling the simultaneous heat 
and mass transfer processes occurring during drying (Fu, Woo, Lin, Zhou & Chen, 2011; 
Putranto, Chen, Xiao & Webley, 2011). 
It is not yet possible to measure the denaturation kinetics of protein droplets subjected to spray 
drying due to its closed configuration, circulation of particles within the drying chamber and 
the presence of millions of droplets/particles at any cross-section of the drying chamber. 
Because of these reasons, the denaturation kinetics data of proteins in the spray drying process 
are not available; hence, the denaturation behaviour of proteins during particle formation 
process of spray drying is not well understood. As it is not yet possible to measure the drying 
kinetics of protein droplets in situ in spray drying process, researchers frequently use single 
droplet drying to measure these drying kinetics and to monitor the surface morphology of the 
drying droplets (Sano & Keey, 1982; Che, Li & Chen, 2012; Ghandi, Powell, Chen & 
Adhikari, 2012). However, the drying and denaturation kinetics of whey proteins are not 
measured and modelled in integral way even though drying kinetics of whey proteins  is 
available in very limited instance (Lin & Chen, 2007).  
In this context, this study had three objectives. Firstly, to measure the drying and denaturation 
kinetics of WPI in the convective drying process using a single droplet drying instrument. We 
also compared the extent of denaturation of WPI in convective drying process with that in 
isothermal heat treatment process at the same medium temperature. Secondly, to predict the 
drying kinetics (moisture and temperature histories) of WPI solution droplets in convective 
drying environment and present this in integral way with the experimental measured and 
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mathematically modeled denaturation kinetics. Finally, to observe the morphological changes 
in the WPI droplets/particles during convective drying and the dissolution processes. 
4.2  Experimental Section 
4.2.1  Materials  
The α-lactalbumin (α-lac), β-lactoglobulin (β-lg A & B) and bovine serum albumin (BSA) with 
≥ 95% purity were purchased from Sigma-Aldrich (New South Wales, Australia). The HPLC 
solvents acetonitrile and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich (New 
South Wales, Australia) and Fisher Scientific (Victoria, Australia), respectively. The whey 
protein isolate (WPI-895) was donated by Fonterra Cooperative (New Zealand). All proteins 
and chemicals were used as received without further purification.  
4.2.2  Methods 
The protein droplets/particles subjected to single droplet drying (SDD) and isothermal heat 
treatment (IHT) processes were collected and the amount of protein denaturation in these 
treated samples was measured by using a reversed-phase HPLC. The drying kinetics and 
denaturation kinetics of WPI were predicted and the data obtained from single droplet drying 
experiments were used to determine the model parameters and to validate the model 
predictions. The evolution/development of morphology in WPI droplets/particles during drying 
and dissolution processes were observed during the same single droplet drying instrument. 
4.2.2.1  Single Droplet Drying (SDD) 
The design, working principle and other details of this instrument are provided elsewhere 
(Adhikari, Howes & Bhandari, 2007). The aqueous droplets of (5±0.1) µL of WPI (10% w/v) 
solution were suspended on the tip of a glass filament of 0.2±0.01 mm diameter. The WPI 
droplets which were suspended to the glass filaments were held inside the drying chamber by 
using a bored Teflon cylinder. The drying air was allowed to pass through a series of columns 
containing dried molecular sieves and dried silica gels. This dried air was finally passed 
through the drying chamber. Two drying temperatures (65 ºC and 80 °C) were used and these 
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temperatures were maintained using a PID controller. The relative humidity values of the 
drying air were measured by using EL-USB relative humidity data logger (Lascar Electronics, 
UK), and were found to be 2±0.5% at these two drying temperatures. The wet bulb 
temperatures were 26 °C and 30 °C at air temperatures of 65 ºC and 80 °C, respectively. The 
droplets were dried for 60 s to 480 s at 60 s intervals and the final reading was made at 600 s. 
The velocity of the air past the stationary droplet was maintained at 0.5 m/s in all these 
experiments. Mass loss and temperature histories were recorded in a computer. The 
morphological changes of the droplets/particles were recorded to the computer using a digital 
camera (Arecont vision, USA) which was attached to the single droplet drying instrument. 
4.2.2.2  Isothermal Heat Treatment (IHT) 
The IHT experiments were carried out in a precisely temperature controlled water bath 
(Thermoline, Australia). A heater/circulator is used to pump the water so that the heat can be 
circulated evenly throughout the water bath. The temperature is regulated using a temperature 
control nob and a thermometer fitted with the water bath. A sample volume of 0.5 mL WPI 
solution (used in single droplet drying experiments) was poured in 4 ml glass vials. These vials 
were then heated at 65 °C and 80 °C within the same time regime as was used during single 
droplet drying. Thermocouples were inserted in two additional vials containing the same 
amount of WPI solution during the IHT experiments to record the temperature profiles during 
the heating of the samples. 
4.2.2.3  Determination of Denaturation of WPI by Using RP-HPLC  
The dried droplets were collected carefully in Eppendorf microtubes and diluted to100 µg/mL 
with deionized water. Then, the pH of the diluted protein solutions was lowered to 4.6 by 
adding 0.1M HCL to separate the native and irreversibly denatured whey proteins (Parris & 
Baginski, 1991; Anandharamakrishnan, Rielly & Stapley, 2008). After keeping the protein 
solution samples at this pH for 30 minutes, they were centrifuged at 13,000 rpm (11,500 g) for 
10 minutes. The supernatant was collected and injected onto the reversed-phase column to 
separate the denatured and undenatured proteins as described by Ferreira & Caçote (2003). The 
same amount of WPI solution, without subjecting to the drying or thermal treatment, was used 
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as a control. The same pH treatment and centrifugation procedures were followed to this 
control sample as well. The supernatant of the control samples was also injected in the same 
way to determine the denatured and undenatured fractions. This procedure was also followed in 
the case of isothermal heat treated WPI samples to determine the extent of denaturation. 
A reversed-phase column (Aeris WIDEPORE 3.6 XB-C18, 150×2.1mm, Phenomenex Pty. 
Ltd., Australia) was used to separate the denatured and undenatured protein fractions. In these 
tests a 0.1% (v/v) aqueous solution of trifluoroacetic acid (TFA) was used as solvent A and 
0.1% TFA in 80% aqueous acetonitrile (v/v) was used as solvent B. Linear increment of 
solvent B, from 36% to 56% over 20 min, and 56% to 60% over 10 min was maintained and 
the process was completed by lowering the solvent B from 60% to 36% in 5 min. Finally, the 
column was re-equilibrated for 3 min before the next run started. The temperature of the 
column and the flow rate of the solvent were maintained at 40 °C and 0.5 mL/min, respectively. 
The injection volume of the sample was 40 µL. A UV-detector at wavelength of 215 nm was 
used in these tests. 
The percentage of denatured protein was calculated using Equation (1) using the sum of areas 
under the peaks of individual protein fractions (BSA, α-lac, β-lgA and β-lgB) in treated WPI 
and the sum of the peaks of these protein fractions in control samples, as suggested by Parris & 
Baginski (1991). The denatured protein was quantified by measuring the loss of protein by first 
precipitating out then centrifuging and finally passing the supernatant to the RP-HPLC column. 
The elution profiles of the whey protein fractions were standardized by using the standard 
individual proteins (BSA, α-lac, β-lg A and β-lg B). 
Denatured protein (%) = (1-ΣAtreat/ ΣAcontrol)× 100 ………………….. (1) 
where, 
ΣAtreat = sum of areas under peaks of the protein fractions of treated sample  
ΣAcontrol = sum of areas under peaks of the protein fractions of control sample  
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These experiments were carried out in triplicate and the average values are reported in the 
ensuing sections.  
4.2.2.4  Drying Kinetics Modelling using the Reaction Engineering Approach (REA) 
The general REA is an application of chemical reaction engineering principles to model drying 
kinetics. A summary of the developments of the lumped approach of REA was, given by Chen 
(2008). 
Generally, the drying rate of a material can be expressed as given by equation (2). 
)( ,, bvsvms Ahdt
dXm ρρ −−=        (2) 
where ms is the dry solid mass of the sample (kg), X is the average moisture content on dry 
basis (kg.kg-1), t is time (s), ρv,s is the water vapor concentration at interface (kg.m-3),  ρv,b is the 
water vapor concentration in the drying medium (kg.m-3),  hm is the mass transfer coefficient 
(m.s-1) and A is the surface area of the droplet/particle (m2). 
Equation (2) is a basic mass transfer equation. The surface vapor concentration (ρv,s) can then 
be scaled against saturated vapor concentration (ρv,sat) using equation (3). 
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where, ΔEv represents the additional difficulty to remove moisture from the material when it is 
not free water or water activity is not 1. The parameter ΔEv depends on the average moisture 
content (X). R is the universal gas constant (J.mol-1.K-1). T is the temperature of the 
droplet/particle being dried (K). The ρv,sat (kg.m-3) for water vapor can be estimated  by using 
equation (4) (Lin & Chen, 2007; 2006): 
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The mass balance (equation 2) can be rearranged into (5) by replacing ρv,s by equation (3). 
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From equation (5), it can be observed that the REA is expressed in the first order ordinary 
differential equation with respect to time. It must be noted that the REA does not assume the 
uniform moisture content but it evaluates or predicts the average moisture content.  
The activation energy (ΔEv,b) can be calculated by rearranging equation (5) into equation (6).  
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The rate of moisture loss dtdX /  is experimentally determined. The dependence of activation 
energy on average moisture content (dry basis, X) can be normalized as: 
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v XXf
E
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,
        (7) 
where, f is a function of the difference in water content (X-Xb), ∆Ev,b is the ‘equilibrium’ 
activation energy representing the maximum ΔEv determined by the relative humidity and 
temperature of the drying air as  given by equation (8). 
( )bbbv RHRTE ln, −=∆        (8) 
RHb is the relative humidity of drying air, Xb is the equilibrium moisture content under the 
condition of the drying air (kg.kg-1) and Tb is the drying air temperature (K).  
In order to yield the temperature profiles during drying, the mass balance equation represented 
by equation (5) needs to be coupled with the heat balance. For the single droplet drying system 
mentioned above, the heat balance can be written as: 
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where, m is the mass of the droplet/particle (kg), Cpd is the specific heat capacity of 
droplet/particle (J. kg-1. K-1), h is the heat transfer coefficient (W.m-2.K-1) and ∆Hv is the latent 
heat of vaporization of water (J. kg-1). The third term in the right-hand side of equation (9) 
represents the heat conducted through the filament to the droplet assuming the filament as an 
infinite fin as given by equation (Adhikari et al., 2007).  
The mass transfer coefficient, hm and heat transfer coefficient, h can be determined by using the 
established Ranz-Marshall correlations for Sherwood number (Sh) and Nusselt number (Nu) of 
spherical droplets subjected to convective air drying (Ranz & Marshall, 1952). In terms of Sh 
and Nu both the hm and h can be expressed as given by equations (10) and  (11), respectively. 
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where, d is the diameter of the evaporating droplet/particle, Dv is the diffusivity of water vapour 
(m2/s) and kb is the thermal conductivity of air (W.m-1.K-1). Re and Sc in equations (10), Pr in 
equaiton (11) are dimensionless Reynold, Schhmidt and Prandtl numbers, respectively which 
were calculated from the thermo-physical properties of drying air.  
Since the droplet diameter continuously changes during drying, a shrinkage model is 
incorporated in the modelling. The relationship between the variation of droplet with time can 
be calculated from the variation of moisture content of the droplet with time using equation 
(12), given below (Lin & Chen, 2003).  
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where, d is the droplet diameter (m) at time t, do is the initial droplet diameter (m) and a is the 
model constant. X (t) were taken from experimental moisture content values as a function of 
time, Xo is the initial moisture content (t = 0). By using least-square method implemented in 
MS Excel spread sheet (Microsoft Inc, 2013), the values of the model constant ‘a’ were found 
to be 0.532 and 0.514 at 65 oC and 80 oC drying temperatures, respectively which are not 
significantly different (p>0.05). For the same protein type with similar initial solid 
concentration (dried by similar relative humidity but different air temperatures) an average 
model constant ‘a’ can be considered (Lin & Chen, 2006; 2003). In this model the average 
value ‘0.523’ was used in calculating the droplet diameter. 
The drying conditions set for the single droplet drying of the WPI droplets are listed in Table 
4.1. The air velocity and the drying air temperature were controlled by using precision 
rotameter (Influx AI29, Influx Measurements Ltd, United Kingdom) and a PID controller (C91 
BrainChild electronics, OneTemp Pty Ltd. Australia), respectively. The relative humidity of the 
drying air was determined experimentally as detailed in earlier section of this paper. The initial 
moisture content of droplet was determined by knowing the mass of the droplet and the solid 
concentration of the solution. The diameter of the droplet was calculated by knowing the mass 
of the droplet and density of the solution and assuming the droplet to be spherical. The physio-
chemical properties of WPI solution used in the drying kinetics modelling are provided in 
Appendix 4A. 
Table 4.1. The drying conditions during the single droplet drying of WPI 
Experimental conditions 65 oC drying air 80 oC drying air 
Initial temperature (oC) 23.804 24.896 
Initial moisture content (kg/kg dry solid) 9.75 9.75 
Drying air velocity (m/s) 0.5 0.5 
Relative humidity (%) 2±0.5 2±0.5 
Initial droplet diameter (m) 0.002 0.002 
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4.2.2.5  Modelling of the Denaturation Kinetics 
The inactivation kinetics of microorganisms or denaturation kinetics of enzymes during 
convective drying can generally be expressed by the first-order reaction kinetics model 
[equation (13)] (Li, Lin, Chen, Chen & Pearce, 2006; Chen & Patel, 2007; Meerdink & 
Van’tRiet, 1995). This model has also been used in predicting the denaturation kinetics of whey 
proteins during high temperature and high pressure-high temperature treatments (Oldfield, 
Singh, Taylor & Pearce, 1998; Levieux, Levieux, El-Hatmi & Rigaudiere, 2006; Hinrichs & 
Rademacher, 2004; 2005). 
Ck
dt
dC
d−=     (13) 
where,  kd is the denaturation rate constant (s-1), C is the protein concentration (%) at each time. 
The denaturation rate constant, kd can be expressed as a function of temperature and water 
content of the drying droplet as given by equation (14) (Meerdink & Van’tRiet, 1995).  
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bXEaXkk aod exp      (14) 
 where, T is the droplet temperature (K), X is the moisture content of the droplet (kg.kg-1), R is 
the universal gas constant and  Ea is the apparent activation energy (J.mol-1), ko (s-1), a and b are 
the model constants.  
The parameters a, b, k and Ea were estimated considering the simultaneous effects of moisture 
content (X) and temperature (T) of the drying droplet. A least square algorithm (Microsoft 
SolverTM, Microsoft Inc., Washington, USA) was used in determining the values of these 
constants using the experimental WPI denaturation kinetics data. The predicted values of X and 
T through the REA model were used in equation (14) in order to minimise the noise.  
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4.3  Results and discussion 
4.3.1  Denaturation of Protein during Convective Drying 
The standard proteins were used to locate and define the peaks of individual protein 
components (BSA, α-lac, β-lg B and β-lg A) on the chromatograms of WPI. It can be seen from 
Fig. 4.1(A) that the elution times of BSA, α-lac, β-lg B and β-lg A are 18.80, 18.97, 20.94 and 
21.70 min, respectively. This order of elution of these proteins in RP-HPLC is in good 
agreement with the elution time of these proteins reported by previous researchers (Ferreira & 
Caçote, 2003; Parris & Baginski, 1991).  As can be seen from Fig. 4.1B, when the 
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Fig. 4.1A. Reversed-phase HPLC chromatograms of whey protein standards; (I) bovine serum 
albumin (II) α-lactalbumin (III) β-lactoglobulin B and (IV) β-lactoglobulin A. 
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denaturation of protein occurs, the peak area and the retention time of the denatured protein 
differ with those of the control sample. The denaturation of proteins results into diminished 
peak area under the curve and longer elution time. 
 Control (blue)    10 min dried (black) 
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Fig. 4.1B. Diminished peak heights with increased retention time of reversed-phase HPLC 
column for the 65 °C convective dried sample. 
It can be seen from the Fig. 4.2 (panel A & B) that there is a remarkable difference in the trends 
of denaturation of WPI caused by the convective drying and isothermal hot water treatment 
(IHT). When the IHT was carried out at a temperature at which the thermal denaturation can 
reportedly start (i.e. 65 oC) (Parris & Baginski, 1991; Ferreira, Mendes & Ferreira, 2001) no 
irreversible denaturation of WPI was observed up to 350 s of heating. However, up to 10.79% 
of WPI was found irreversibly denatured when the heating was prolonged for 600 s. On the 
other hand, when the WPI solution droplets were subjected to convective drying at air 
temperature of 65 oC, much higher percentage (68.31%) of irreversible denaturation of WPI 
occurred. The ‘irreversibly denatured’ protein is the protein content which has been 
removed/separated through centrifugation and subsequent reversed-phase column extraction. 
α-Lac 
BSA 
β-Lg B 
β-Lg A 
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The massive difference of denaturation of WPI between the convective drying and isothermal 
heat treatment (at the same medium temperature) can be attributed to the different stresses 
occurring in drying and isothermal heating (absence of drying) processes. In the convective 
drying process, the proteins experience both thermal (heat) and dehydration (water evaporation) 
stresses while they experience only thermal stress during IHT. Furthermore, it has been 
previously reported that the interfacial stress also irreversibly denatures proteins at the air-water 
interface during the drying process (Maa & Hsu, 1997; Maa, Nguyen & Hsu, 1998). Hence, it 
is comprehensible that the dehydration and the interfacial stresses acting together are 
responsible for causing higher degree of protein denaturation during convective drying even at 
relatively lower air temperatures such as 65 oC. 
At 80 ºC both the SDD and the IHT processes resulted into substantial denaturation of WPI. 
Interestingly, at this temperature the IHT process caused much higher extent of WPI 
denaturation (90.00%) than the convective drying (68.73%) at the end of 600 s. The IHT 
process caused 21% more denaturation of WPI than the convective drying process did. This 
relatively lower denaturation of WPI during convective drying (at 80 ⁰C) can be attributed to 
two important factors. Firstly, the droplet temperature does not rise as fast in convective single 
droplet drying as the solution temperature rises in IHT (Fig. 4.2A & B temperature profiles). In 
the convective drying process, the droplet temperature remains well below the air temperature 
for a considerably longer time due to the evaporative cooling. The droplet temperature remains 
close to the wet bulb temperature as long as sufficient water is available for evaporation. When 
less water is available for evaporation, the droplet temperature starts to rise towards the air 
temperature. It can be seen from the Fig. 4.4 (moisture content profiles) that the moisture 
evaporation process stagnates after 400 s and 360 s of drying at 65 ⁰C and 80 ⁰C, respectively. 
When the loss of water in the drying process became negligible especially at low residual 
moisture contents, further denaturation of WPI also became negligible. It is generally accepted 
that the presence of water is essential for protein denaturation reactions to occur. It appears that 
the higher solid concentration in the particle is capable of providing better protection against 
the denaturation due to lower molecular mobility. It also appears that the moist heat, above the 
denaturation temperature of WPI (≥65 ⁰C) (Parris & Baginski, 1991; Ferreira et al., 2001)  
denatures much higher amount of WPI at a much faster rate than the dry heat supplied in the 
droplet drying process.  
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Fig. 4.2. WPI denaturation profile during isothermal heat treatment (IHT) and single droplet 
drying (SDD) at A) 65 oC and B) 80 oC medium temperature. 
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It can also be seen from Fig. 4.2 (panel A & B) that after carrying out the convective drying for 
400 s or longer the amount of  irreversibly denatured protein both at 65 ºC and 80 oC of 
convective drying was similar (p>0.05). At times longer than 400 s the increase in the drying 
air temperature did not cause further denaturation of WPI, perhaps due to higher solid 
concentration and unavailability of water to cause structural changes. After 400 s of drying, the 
drying rates were very low. For example, the drying rates were 0.0035 and 0.0015kg/kg/s at 
65 oC and 80 oC, respectively (Fig. 4.6) and these low drying rates meant that the further 
denaturation did not occur.  
4.3.2  Prediction of Drying Kinetics by REA  
For the application of REA, the relative activation energy, which is the fingerprint of REA, 
needs to be determined as a function of moisture content. Using experimental data of moisture 
content, temperature and surface area of droplet/particle during drying, the activation energy is 
evaluated using equation (6). The activation energy was generated from the convective drying 
run of WPI carried out at 80 °C. The activation energy is divided by the equilibrium activation 
energy as shown in equation (8) to calculate the relative activation energy as shown in equation 
(7). The relative activation energy is then correlated with the difference between average 
moisture (X) content and equilibrium moisture content (Xb). A least-square algorithm 
implemented in MS Excel (Microsoft Inc, USA) was used to the relative activation energy as a 
function of moisture content difference (X-Xb). The relative activation energy of WPI was 
found to be represented by equation (15).   
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Fig. 4.3. Relative activation energy curves for drying of WPI droplets at 65 oC and 80 oC 
drying temperature. 
It can be seen from Fig. 4.3 that the equation (15) provides a good fit to the experimental 
relative activation energy data with ±7% error (R2 = 0.996). The profile of relative activation 
energy shown in Fig. 4.3 also follows the trends presented in earlier publications (Lin & Chen, 
2007; 2006). The relative activation energy is zero at high moisture contents (in the early stage 
of drying) which indicates that the water is available readily for evaporation. The value of the 
relative activation energy keeps on increasing as the drying progresses which indicates that the 
removal of water becomes progressively difficult as the drying progresses. When equilibrium 
moisture content is attained, the relative activation energy is 1.  
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 Fig. 4.4. Experimental and predicted moisture content (MC) and denaturation profiles of WPI 
droplet during drying at 65 oC and 80 oC drying temperature. 
In order to predict the moisture content and temperature profiles during drying, the mass and 
heat balance equations represented by equations (5) and (9), respectively were simultaneously 
solved. The equilibrium and relative activation energy shown in equations (8) and (15), 
respectively were used for this purpose. The results of model predictions were then compared 
with the experimental moisture and droplet temperature history data. 
The experimental moisture history and the REA predicted moisture history are presented in Fig. 
4.4. Similarly, the experimental temperature history and the REA predicted temperature 
histories are presented in Fig. 4.5. It can be seen from these two figures that the model 
predictions followed the experimental moisture content-time and temperature-time data 
reasonably well. The average errors between the experimental and predicted data for moisture-
time profile and the temperature-time profiles were ±6.38% (R2 = 0.99) and ±3.48% 
(R2 = 0.98), respectively at drying temperature of 65 oC. Similarly, the average errors between 
the experimental and predicted moisture content-time and temperature-time profiles were 
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±6.65% (R2 = 0.99) and ±2.51% (R2 = 0.98), respectively at 80 oC. These results indicate that 
the REA based temperature and moisture kinetics models are capable of predicting the moisture 
and temperature histories of WPI droplets both at 65 oC and 80 oC reasonably well. In both 
drying temperatures, higher degree of error occurred in temperature-time profiles when the 
experimental droplet temperatures rose very rapidly towards the air temperature. The errors in 
prediction of moisture content-time data can be partly attributed to the effect of drag on mass 
measurements although we have endeavoured to minimise the effect of drag on the mass 
measurements (Methods section on single droplet drying). The above comparisons suggest that 
the REA model can be confidently used to predict the drying kinetics of WPI in convective 
drying environment.   
 
 
Fig. 4.5. Experimental and predicted droplet temperature (T) and denaturation profiles of WPI 
droplet during drying at 65 oC and 80 oC drying temperature. 
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Fig. 4.6. Drying rate profiles as function of water content for drying of WPI droplets at 65 oC 
and 80 oC air temperature. 
4.3.3  Prediction of Denaturation Kinetics 
The experimental denaturation kinetics of WPI at both drying air temperatures (65 oC & 80 oC) 
is presented in Fig. 4.4 and 4.5. The same experimental denaturation-time profile data are 
presented in these two figures to illustrate the effect of moisture evaporation and droplet 
temperature on the denaturation kinetics. The predicted lines passing though the experimental 
denaturation data are generated by using first order reaction kinetics equation [equation (13)] 
and equation (14) which provide the temperature and moisture content dependence of 
denaturation constant. The parameters used for these predictions are presented in Table 4.2. It 
can be seen from Fig. 4.4 and Fig. 4.5 that the predicted denaturation kinetics data follow the 
experimental denaturation kinetics data reasonably well. The coefficients of determination (R2) 
values of these predictions were 0.95 and 0.98 at 65 oC and 80 oC, respectively. The prediction 
is weaker in the early stage of drying as reversible denaturation occurs, for example before 
240s (Fig. 4.2A). This reversible denaturation gives rise to the fluctuation in the hydrophobicity 
in determination of denaturation using RP-HPLC. This reversible denaturation occurs primarily 
due to evaporation stress. The activation energies required for the denaturation of WPI were 
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found to be 52±2 kJ.mol-1 and these values were not statistically different at 65 oC and 85 oC 
(p>0.05). The magnitude of this denaturation energy is comparable with the inactivation energy 
of probiotic bacteria (Li et al., 2006). Using the same kinetics models they found that the Ea 
values for bacterial inactivation were 39±1 kJ.mol-1 during the drying of probiotic bacteria in 
skim milk droplets. The closeness of these the denaturation energy of WPI and inactivation 
energy of probiotic bacteria suggests that the death of probiotic perhaps occurred due to 
denaturation of their protein component within the cell. 
Table 4.2. Kinetic parameters in prediction of denaturation of WPI during droplet drying  
Drying 
temperature 
Ko (s-1) a b 
Ea 
(kJ.mol-1) 
R2 
% error 
65 oC 59897 119 328715 50.12 0.95 6.95 
80 oC 59704 114 328673 54.2 0.985 5.98 
 
4.3.4  Morphology of WPI Droplets during Convective Drying and Dissolution 
The changes in the morphology of WPI solution droplets obtained while drying at 65 °C and 
subsequent dissolution process (in water at 20 °C) are presented in Fig. 4.7. In dissolution 
experiments 5±0.1 μL of milli-Q water was syringed-into the particle at the end of the 
convective drying process. The dissolution process was carried out for 720 s in still air at 
ambient temperature. The morphological changes were captured and recorded by the same 
image acquisition system, which was used in droplet drying experiments. It can be seen from 
Fig. 4.7 that at the end of 720 s long dissolution process some small part of the protein 
remained settled (undissolved) at the bottom of the droplet. This insoluble mass might have 
been due to the irreversible denaturation of WPI. 
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Fig. 4.7. Morphology of 5±0.1 µl WPI during CD at 65 oC and successive dissolution at 
room temperature (20 ºC). 
 
4.4  Conclusions 
The drying and denaturation kinetics of whey protein isolate (WPI) droplets were measured in 
convective drying (CD) process and compared with those obtained from the isothermal heat 
treatment (IHT) process. The convective drying and the isothermal heat treatment processes 
were carried out at 65 ºC and 80 ºC for 600 s. The REA-based models were applied to predict 
both the experimental moisture content and temperature histories. The denaturation kinetics 
was also predicted considering the denaturation being first order reaction. The results showed 
that there was no denaturation of WPI during IHT at 65 oC medium temperature up to 350 s, 
while 44% WPI was denatured irreversibly by this time in the case of CD. At the end of 
treatment (600 s) at 65 oC, the denaturation was 68.31% and 10.79% in CD and IHT processes, 
respectively. The stress due to dehydration and the exposure time were found to be responsible 
the denaturation of WPI at 65 oC during convective drying while only exposure time was found 
to be responsible for its denaturation in IHT process. At 80 oC, the denaturation of WPI was 
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much higher in IHT (90%) than in CD (68.73%) process. At this temperature, both the thermal 
(moist heat) and dehydration stresses were found to be responsible for denaturation of WPI in 
convective drying process while the very high thermal stress was found to be responsible for 
denaturation of WPI in the IHT process. REA-based mathematical models were able to predict 
the moisture and temperature histories of the WPI droplets reasonably well in convective 
drying process. The average error between the experimental and predicted moisture histories 
were 6.5% while it was 3.0% in between the experimental and predicted temperature histories. 
The predicted denaturation kinetics followed the experimental denaturation kinetics data within 
(6.5±0.5) % of error. 
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4A Appendix:  Physio-chemical Properties of WPI Solution Used in the Drying Kinetics 
Modelling  
The equilibrium moisture contents (Xb) of the WPI powder were calculated from sorption 
isotherm by using Guggenheim–Anderson–deBoer (GAB) isotherm as given by equation 
(4A1). 
( )( )www
wo
b ckakaka
ckamX
+−−
=
11     (4A1) 
Where, mo is the monolayer moisture content (kg/kg solid), aw is the water activity 
(dimensionless) and c and k are GAB constants. The GAB model parameters for WPI were 
obtained from Foster, Bronlund & Paterson (2005). The temperature dependence of c and k was 
estimated using equations (4A2) and (4A3), respectively (Lin, Chen & Pearce, 2005). 

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Hkk o 2exp      (4A3) 
where, T is the drying air temperature (K), R is the gas constant (J.mol-1.K-1) and ∆H1 and ∆H2 
are the heat of sorption of water in droplet/particle. The GAB constants for WPI at the two 
drying temperatures were extrapolated using equations (4A2) and (4A3) given above. The 
values for c and k were estimated to be 8.43 and 0.784, respectively for 65 oC and 8.39 and 
0.782, respectively for 80 oC. Which yielded Xb values of 0.013 (kg/kg solid) and 0.01(kg/kg 
solid) for 65 oC and 80 oC, respectively.  
The temperature dependence of density (ρp) and specific heat capacity (Cp) of WPI were 
estimated using the Choi and Okos models as given by equations (4A4) and (4A5) below (Choi 
& Okos, 1986). 
ρp = 1329.9-0.5184(T-273.15)      (4A4) 
Cp = 2008.2+1.2089(T-273.15)-0.0013129(T-273.15)2   (4A5) 
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Chapter 5 
Drying and Denaturation Characteristics of α-lactalbumin, β-lactoglobulin 
and Bovine Serum Albumin in Convective Drying Process 
Abstract 
Drying and denaturation kinetics of aqueous droplets of α-lactalbumin (α-lac), β-lactoglobulin 
(β-lg) and bovine serum albumin (BSA) were measured in a convective drying environment. 
Single droplets having initial droplet diameter of 2±0.1 mm and containing 10% (w/v) protein 
concentration were dried using conditioned air (65 ºC and 80 ºC, 2-3% RH, 0.5 m/s velocity) 
for 600 s. The denaturation of these proteins was measured by using reversed-phase HPLC. At 
the end of 600 s of drying 13.3% and 19.4% α-lac was found to be lost due to denaturation at 
65 °C and 80 oC, respectively. Up to 31.0% of β-lg was found to be denatured while BSA was 
not found to be significantly (p>0.05) denatured in these drying conditions. The formation and 
strength of skin and the associated morphological features were found to be linked with the 
degree of denaturation of these proteins. The secondary structure of these proteins was 
significantly (p<0.05) affected and altered by the drying stresses. The β-sheet and random coil 
contents were increased in α-lac by 6.5%, and 4.0%, respectively while the α-helix and β-turn 
contents decreased by 5.5% and 5.0%, respectively. The β-sheet and random coil contents in β-
lg were increased by 7.5% and 2.0%, respectively while the α-helix and β-turn contents 
decreased by 3.5% and 6.0%, respectively. In the case of BSA the β-sheet, α-helix and random 
coil contents were found to increase while the β-turn content decreased.  
Key Words:  Bovine serum albumin, α-lactalbumin and β-lactoglobulin denaturation, drying, 
single droplet, β-sheet, β-turn, α-helix, morphology 
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5.1  Introduction 
Whey is a heterogeneous mix of proteins.  Among these proteins, α-lactalbumin (α-lac, 20%), 
β-lactoglobulin (β-lg, 65%) and bovine serum albumin (BSA, 8%) are the major constituents 
and comprise more than 90% of total whey protein. There are numerous studies in the literature 
which report the denaturation of whey protein during thermal processing including drying 
(Oldfield, Taylor & Singh, 2005; Anandharamakrishnan, Riellya & Stapleya, 2007; Parris & 
Baginski, 1991). However, these studies do not provide the drying and denaturation kinetics of 
individual whey protein fractions. A limited number of works are reported in the literatures 
which provide the extent of denaturation of individual whey proteins (when they are treated 
separately), especially during isothermal heat treatment and high pressure treatment processes 
(Wehbi, Perez, Sanchez, Pocovi, Barbana & Calvo, 2005; Takeda, Wada, Yamamoto, 
Moriyama & Aoki, 1989; Hosseini-nia, Ismail & Kubow, 1999). There is little, if any, 
published work in the literature quantifying and analysing the denaturation kinetics of 
individual whey protein components at the droplet level, during convective drying.  The 
quantification and understanding of drying and denaturation kinetics of individual whey protein 
components can help minimize the denaturation of individual whey proteins during powder 
formation and also help in designing better spray dryers. 
Spray drying process involves atomization of a solution into droplets in a drying chamber and 
subsequent removal of the solvent through evaporation and finally formation of powder 
product. The formation of particles from a solution in the convective drying process such as 
spray drying involves both equilibrium thermodynamic and kinetic processes. The vapour 
pressure and temperature gradients within a drying droplet and the drying medium are the key 
driving forces for the mass transfer from, and heat transfer to, the droplet. In an actual drying 
process, unique and complex evolution of particle shape and morphology takes place which 
affects the mass and heat transport process. On the other hand the magnitude of the vapour 
pressure and temperature gradients and the resultant heat and mass transfer fluxes also greatly 
affect the development of morphology in drying droplets.  
In the spray drying process, the operating parameters (or even the design of dryer to less extent) 
have to be judiciously selected to control the particle morphology. This is because the 
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characteristics of the product such as particle density, particle size distribution and the residual 
final moisture content are greatly affected by the morphology of dried particles (Lin & Gentry, 
2003). During spray drying, the particle morphology is greatly affected by the drying 
conditions as well as by the nature and concentration of feed and the mode of atomisation used. 
For example, the skin forming and crust forming materials develop quite different 
morphological features (Adhikari, Howes, Bhandari & Troung, 2004). Hence, the monitoring 
and analysis of the evolution of morphology during the particle formation process can provide 
very important information. However, it is not yet technologically feasible to capture the 
evolution of morphology during the particle formation process in situ during spray drying. To 
date, the morphological features of spray dried powders are acquired and analysed using final 
powder particles (Walton, 2000). However, these morphological features cannot be used to 
explain the evolution of morphology during the particle formation process. Thus the 
relationships among the drying kinetics, morphology, physicochemical characteristics and 
denaturation of protein are poorly understood. Single droplet drying experiments are commonly 
carried out to capture the evolution of morphological features in drying droplets in convective 
drying processes (Ranz & Marshall, 1952). Despite some limitations such as much larger 
droplet size and much longer drying time, single droplet drying experiments provide very 
important information regarding the development of morphological features during the 
convective drying process which is a much simplified and idealized model of spray drying 
(Sano & Keey, 1982; Lin & Chen, 2002; Mezhericher, Levy & Borde, 2010; Lin & Chen, 
2006).     
Reversed-phase high performance liquid chromatography (RP-HPLC) is an effective tool to 
separate denatured and native proteins. The chemical resin in the stationary phase of this 
column (i.e. presence of C8, C18) successfully retards migration of the denatured protein 
(Parris & Baginski, 1991; Ferreira & Caçote, 2003). The strong affinity of these chemicals 
towards the hydrophobic portion of denatured proteins helps to separate the denatured and 
native proteins. 
The functionality of protein predominantly depends on its specific molecular composition and 
structure. The polypeptide chains acquire a folded form to perform their biological functions. 
However, the stress generated during processing such as spray drying can alter the structure of 
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protein. Fourier transform infra-red (FTIR) spectroscopy has been commonly used to identify 
and explain the structural characteristics of proteins. It is used to quantify the change in the 
secondary structure of proteins (Ngarize, Herman, Adams & Howell, 2004). The polypeptide 
and protein repeat units give raise to nine characteristic IR absorption bands, namely, amide A, 
B and amides I to amide VII. The amide I region ranging between 1600 cm-1 and 1700cm-¹ is 
commonly chosen to measure qualitative and quantitative changes in secondary structure of 
proteins because of its very high signal to noise ratio (Fu, Deoliveira, Trumble, Sarkar & Singh,  
1994; van de Weert, Haris, Hennink & Crommelin, 2001). Furthermore, the absorption at this 
band is able to give considerable variation in IR signal even at small alterations in the 
molecular configuration of analytes (Kong & Yu, 2007). 
Although the IR spectra obtained are intrinsic and complex, the mathematical tools such as 
derivatisation and Fourier self-deconvolution (FSD) analyses are available to determine the 
unique structural features such as α-helix, β-sheets, β-turns and random coils of a protein 
(Huson, et al., 2011; Yang, Griffiths, Byler & Susi, 1985). The derivatisation and FSD can be 
applied to quantify alteration in structural features of proteins due to processing stresses 
(Ngarize et al., 2004; Fu et al., 1994). 
In this context, the key aim of this study was to measure the denaturation and drying kinetics of 
major whey proteins (α-lac, β-lg and BSA) in convective air drying environments. FTIR 
spectroscopy was used to quantify and explain the alteration in the secondary structure of these 
proteins caused by drying induced stresses. The evolution of droplet morphology was captured 
and analysed using single droplet drying experiments.  
5.2  Experimental Section 
5.2.1  Materials 
The protein samples (α-lac, β-lg and BSA) with high purity (≥ 95% pure) were purchased from 
Sigma-Aldrich (New South Wales, Australia). The HPLC solvents acetonitrile and 
trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich (New South Wales, Australia) 
and Fisher Scientific (Victoria, Australia), respectively. Deuterium oxide (D2O) was purchased 
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from Sigma-Aldrich (New South Wales, Australia). All proteins and chemicals were used as 
received without further purification. 
5.2.2  Methods 
5.2.2.1  Single Droplet Drying (SDD) 
The details of SDD instrument and its working procedure are provided elsewhere (Adhikari, 
Howes & Bhandari, 2007; Haque, Putranto, Aldred, Chen & Adhikari, 2013a).  Aqueous 
droplets of 5±0.1 µL initial volume (2±0.1 mm initial droplet diameter) containing 10% (w/v) 
protein were suspended on the tip of a glass filament with a 0.2±0.01 mm diameter. This 
droplet suspending filament was supported by a droplet suspension system made up of a bored 
Teflon cylinder. The droplets were then subjected to conditioned drying air. The drying air was 
cleaned and heated by passing through a series of columns containing dried molecular sieve 
and dried silica gel. The temperature of drying air was controlled by a proportional-integral-
derivative (PID) controller. The droplets were dried at two different air temperatures (65 ºC and 
80 °C) at a constant velocity of 0.5 m/s. The relative humidity of the drying air was measured 
by using EL-USB relative humidity data logger (Lascar Electronics, UK) and was found to be 
2.5±0.5% at these two drying temperatures. The wet bulb temperatures corresponding to air 
temperatures of 65 ºC and 80 °C were 26 °C and 30 °C, respectively. The droplets were dried 
for 600 s and the denaturation was measured at every 60 s interval. The temperature and mass 
loss histories were recorded in a computer. Images of the droplets during drying were captured 
at every 50 s interval using a digital camera (EOS 60D, Canon, NSW, Australia) at 40-50 times 
magnification.  
5.2.2.2  Determination of Denaturation of Proteins 
The convectively dried droplets were diluted to100 µg/mL with deionized water. Then, the pH 
of the diluted protein solutions was lowered to 4.6 by adding 0.1M HCL to assist in separating 
the native and denatured proteins (Haque, Aldred, Chen, Barrow & Adhikari, 2013b; 
Anandharamakrishnan, Rielly & Stapley, 2008). After adjusting the pH of each protein they 
were kept for 30 minutes and centrifuged at 11,500 xg for 10 minutes. The supernatant was 
collected and injected onto the RP-HPLC column to separate the denatured and undenatured 
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proteins. A control sample without drying was treated in the same way including pH treatment 
and centrifugation. The supernatant of the control sample was also subjected to RP-HPLC 
separation in the same way to dried protein. Residual native protein content was calculated 
using the ratio between the area under the peak of the treated protein and the area under the 
peak of untreated (control) protein (100%), as suggested by Parris & Baginski (1991). 
The experiments were carried out in triplicate and the average values are reported in the 
ensuing sections. The statistical analyses were carried out by using data analysis tools, 
Microsoft Office Excel 2010. The significance difference between two mean values was 
determined using one way analysis of variance at 95% confidence level (p<0.05). The inbuilt 
program in Microsoft ExcelTM was used for this purpose. 
5.2.2.3  Acquiring the IR Spectra 
The IR spectra were acquired using Perkin Elmer Frontier FT-IR instrument operated by 
CPU32M software. The SDD samples subjected to single droplet drying and control samples 
were diluted to 5mg/ml concentration using deuterium oxide (D2O) containing 100 mM sodium 
chloride (NaCl) (van de Weert et al., 2001). The samples used in these tests were collected after 
500 s of drying at both drying (air) temperatures. This time of sample collection (500 s) was 
chosen based on the fact that both WPI (as a whole) and its major component β-lg were found 
to reach their maximum levels of denaturation at this time at both drying temperatures (Haque, 
Aldred, Chen, Barrow, & Adhikari, 2013). The samples were scanned within 650 to 4000 cm-1 
using triglycine sulphate (TGS) detector. A total of 4 scans at 4 cm-¹ resolution were 
accumulated at 0.2 cm/s scanning speed. 
5.2.2.4  Analysis of IR Spectra 
The blank spectrum (D2O+NaCl) was subtracted from the spectrum of each sample. The 
baseline subtracted protein spectra were analysed by using Perkin Elmer’s proprietary software 
(Version 10.03.06) and OPUS 6.5.92 (Bruker Biosciences Pty Ltd., Victoria, Australia). A 
9-point second derivative analysis using the Perkin Elmer software was used to locate the peak 
position in the spectra. The OPUS Software was used for quantitative analysis of secondary 
structure of protein by Fourier self-deconvolution. The original spectra (of amide region-I, 
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1600-1700 cm-1) without any smoothing were deconvoluted by gamma factor 2. The FSD 
curves were fitted with Gaussian shape and were analysed by local least square (LLS) 
algorithm. Percentage of secondary structures (α-helix, β-sheets, β-turns and random coils) was 
estimated using equation 1 (Ngarize et al., 2004; Yazdanpanah & Langrish, 2013). 
 Secondary structure (%) =Aind /Atotal ×100                         (1) 
where, Aind = sum of areas of individual secondary structures in amide I band 
Atotal = sum of areas of total secondary structures in amide I band 
The position or location of bands for each secondary structure (β-sheets, α-helix and β-turns) of 
tested proteins in D2O were determined as suggested in the literature (Kong & Yu, 2007; Byler 
& Susi, 1986; Boye, Alli, Ismail, Gibbs & Konish, 1995). The bands from 1620 to 1640 cm-1 
and 1674 cm-1 to 1680 cm-1 were assigned to β-sheets. The bands from 1641 to 1647 cm-1 was 
assigned to random coil. The bands within 1648 to 1660 cm-1 were assigned to α-helix. 
Similarly, the bands appearing at and in the vicinity of 1663 cm-1, 1671 cm-1, 1683 cm-1, 
1688 cm-1 and 1694 cm-1 were assigned to β-turns.  
5.3  Results and Discussion 
5.3.1  Denaturation of BSA, β-lg and α-lac during Convective Drying 
The denaturation kinetics of BSA, β-lg and α-lac due to convective drying at droplet level were 
measured by RP-HPLC. As presented in Fig. 5.1, a different extent of denaturation was 
observed in these whey protein fractions. Amongst these three proteins, BSA showed the 
highest stability as determined by the highest level of residual protein.  β-lg showed the least 
stability i.e. the lowest level of residual protein during drying. The stability of α-lac against 
denaturation remained in between those of BSA and β-lg both at 65 oC and 80 oC (Fig. 5.1). 
There was no significant (p>0.05) loss of BSA and α-lac when dried at 65 oC and 80 oC up to 
480 s. At the end of 600 s, 13.26% and 19.37% of α-lac was found to be denatured at 65 oC and 
80 oC, respectively. When the solution of β-lg was dried at these two drying temperatures, 
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Fig. 5.1. Denaturation of BSA, α-lac and β-lg with drop temperature increment during drying at 
A) 65 oC and B) 80 oC air temperature. The error bars are showing the standard deviation (SD) 
of experimental values. 
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24.40% and 30.85% of this protein was found to be denatured at 65 oC and 80 oC drying 
temperatures, respectively when dried for 600 s. The difference in molecular configuration of 
these protein fractions might have played an important role for these differences in the 
observed denaturation. Specifically, the difference in the number of cysteine (amino acid) 
molecules and sulphur-bridges in the structure of these proteins can be attributed to for the 
variation in the denaturation. β-lg starts to show significant (p<0.05) loss due to denaturation 
(Fig. 5.1B) when it reaches a state of  irreversible denaturation (for example 240 s at 80 oC). 
Before this state of irreversible denaturation is reached, reversible denaturation occurs and it 
involves excitation (due to the affinity of reaction of the thiol group of free cysteine with the 
adjacent sulphur bonds) of free cysteine molecules present in the β-lg and BSA structure. Due 
to prolonged drying stress, the peptides of β-lg expose to such an extent that they start to 
aggregate. On the other hand, the presence of 17 sulphur bridges helps to keep BSA relatively 
stable. Due to the absence of any free cysteine in α-lac structure, this protein is comparatively 
less excited or perturbed when it is subjected to dehydration stresses and it is less affected by 
thiol-disulphide interaction (Ng-Kwai-Hang, 2011). A more detail explanation of the factors 
causing different extent of denaturation of these whey protein constituents during convective 
drying is presented elsewhere (Haque et al., 2013b).  
5.3.2  Drying Kinetics and its Relationship with Protein Denaturation 
It is shown in the Fig. 5.1 (A & B) that all the denaturation-time curves exhibit some degree of 
fluctuation or perturbation from the very beginning of drying process. When the droplet 
temperature was about 40±5 oC the denaturation-time curves started to fluctuate due to the 
impact of drying on the surface hydrophobicity. The β-lg started to be lost due to irreversible 
denaturation and subsequent coagulation when the droplet temperature reached 55±5 oC 
(Fig. 5.1A). This irreversible denaturation started becoming prominent at 290 s and 240 s of 
drying at 65 oC and 80 oC, respectively.  We had previously reported the relationship between 
denaturation and droplet temperature in the case of WPI (Haque et al., 2013a).  A similar trend 
in the relationship between denaturation and drying temperature was observed in this study 
only in the case of β-lg. The trends in the relationship between drying temperature and 
denaturation in the case of BSA and α-lac are quite different. In our earlier study (Haque et al., 
2013b), WPI was dried and the individual fractions of WPI (α-lac, β-lg and BSA), were dried 
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as a part of whole. In current study, intact and native individual proteins (α-lac, β-lg and BSA) 
were dried individually as starting materials and the denaturation kinetics of one is not affected 
by the presence of the others.  
To better understand the effect of drying rate on the protein denaturation, we determined the 
drying rate (dXt/dt) from the experimental moisture loss versus time data. Polynomial models 
were fitted with the experimental moisture ratio (MR) and the drying rate was determined as 
shown by equation (3) and (5) below. 
For 65 oC drying temperature:   
𝑀𝑅 = 𝑋𝑡−𝑋∞
𝑋𝑜−𝑋∞
= 𝐴𝑡2 − 𝐵𝑡 + 𝐶     (2) 
𝑑𝑋𝑡
𝑑𝑡
= (𝑋𝑜 − 𝑋∝)(2𝐴𝑡 − 𝐵)      (3) 
For 80oC drying temperature:   
𝑀𝑅 = 𝑋𝑡−𝑋∞
𝑋𝑜−𝑋∞
= −𝐴𝑡3 + 𝐵𝑡2 − 𝐶𝑡 + 𝐷    (4) 
𝑑𝑋𝑡
𝑑𝑡
= (𝑋𝑜 − 𝑋∝)(−3𝐴𝑡2 + 2𝐵𝑡 − 𝐶)    (5) 
Where, Xt = moisture content of the droplet being dried at a given time (kg/kg solid), X∞ = final 
moisture content of the dried droplet at the end of drying (kg/kg solid) and Xo = initial moisture 
content of the droplet being dried (kg/kg solid). Similarly, t = drying time (s) and A, B, C & D 
are the model constants. After fitting the moisture ratio curves with acceptable R2 values the 
drying rates (dXt/dt) for all the protein samples were calculated as shown by equations (3) and 
(5). The estimated model constants along with the R2 values are listed in the Table 5.1.  
The drying kinetics (moisture content and temperature histories) of BSA, β-lg and α-lac are 
presented in Fig. 5.2 and 5.3. It can be seen from Fig. 5.2A and 5.3A that the BSA and β-lg 
tended to show higher rate of moisture loss (0.0218 kg water/kg dry solid/s and 0.0213 
kg water/kg dry solid/s, respectively) than α-lac (0.0200 kg water/kg dry solid/s) and their 
droplet temperature remained close to the wet bulb temperature up to around 200 s.   It also 
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appears that increase in BSA concentration offers greater resistance to moisture removal. The 
difference in the drying kinetics between these two proteins is observed after 200 s and that the 
drying rate of BSA became lower than that of β-lg (Fig. 5.3A).  After about 390 s of drying at 
65 oC the moisture content of both proteins did not decrease further and the droplet 
temperatures also reached very close to the drying air temperature. After the transition period 
of 200 s, the trends in the droplet temperature histories of these two proteins also changed 
remarkably. The temperature of the BSA droplet increased faster than that of β-lg. In the case 
of α-lac the drop temperature started to increase faster than those of BSA and β-lg. The α-lac 
also showed similar reversible-irreversible transition at 200 s while drying at 65 oC. After this 
point, the droplet temperature of α-lac increased very rapidly and reached close to the drying air 
temperature. The rate of increase in droplet temperature in α-lac was faster than that of β-lg but 
slower than that of BSA.  
Table 5.1. Model constants to predict the evaporation rate from droplets during drying of α-lac, 
β-lg and BSA 
Drying 
temperature 
Proteins Model constants 
R2 
A B C D 
65 oC 
α-lac 6.65e-06 0.00507 0.9740  
0.98±0.02 β-lg 7.5e-06 0.0055 0.9940  
BSA 8.6e-06 0.0058 0.9770  
80 oC 
α-lac 1.3e-08 1.75e-05 0.0074 0.9968 
0.97±0.03 β-lg 1.6e-08 2.00e-05 0.0078 0.9728 
BSA 1.6e-08 2.00e-05 0.0078 0.9728 
These transitions in the temperature history curves (Fig. 5.2A) of these proteins stem from the 
increased ‘drop side resistance’ to the outward diffusion of moisture content (Adhikari et al., 
2004). The increased resistance to outward moisture diffusion gives rise to the ‘profile reversal’ 
which means that the droplet temperature of usually slower drying droplet is higher. Before the 
profile reversal, the drop temperature of β-lg droplet is slightly higher than that of BSA. After 
the profile reversal, the temperature of BSA droplet is higher than that of β-lg.  This 
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phenomenon is more prominent in case of α-lac and BSA. The morphological changes of these 
protein droplets during convective drying, to some extent, might also be responsible for these 
interesting features observed in the drying profiles.  
  
 
Fig. 5.2. Moisture content and temperature profiles of BSA, α-lac and β-lg during drying at (A) 
65 °C and (B) 80 °C drying temperature. MC= moisture content, Td = drop temperature. 
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 Fig. 5.3. Evaporation rate profiles as function of water content during drying of α-lac, β-lg and 
BSA droplets at A) 65 oC and B) 80 oC air temperature. 
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The morphological features of droplets of BSA, β-lg and α-lac while drying at 65 oC and 80 oC 
are presented in Fig. 5.4. It can be seen from this figure that the original spherical shape of the 
droplet remained more or less intact up to 200 s in all of the protein droplets. It has to be 
pointed out here that the so long the moisture content of the droplet is high and the droplet 
temperature is not too close to drying air temperature (Fig. 5.2 and 5.3) the morphology of the 
droplet remains more or less spherical (Fig. 5.4). The morphology of these protein droplets 
showed different trends after 200 s. The BSA was capable of retaining more moisture in its 
matrix and exhibited sharper increase in droplet temperature. It is commonly accepted that a 
droplet with lower drying rate (retains more moisture content) shows faster increase in droplet 
temperature due to lesser degree of evaporative cooling. One of the interesting features 
associated with the morphology and drying kinetics was that the protein (BSA) containing 
more water in droplet for longer time found to retain its spherical shape longer. In addition, the 
entrapped water inside the drying droplet of this protein caused building up of vapour pressure, 
which developed wrinkles and troughs or uneven surface morphology (Adhikari, B.; Howes, 
T.; Bhandari , B.R.; Troung, 2003). The interplay between the force generated by this vapour 
built up within the droplet and the thermoplastic nature of the protein skin is the one of the 
main causes of which give rise to the wrinkled morphology in BSA. Similar trend regarding the 
relationship between the surface morphology and drying kinetics were observed in these 
proteins at 80 oC as well. The only difference was that the development of morphological 
features occurred much faster while drying at 80 oC. After 360 s of drying at 80 oC the moisture 
loss of all three proteins were almost ceased.  
5.3.3  Denaturation of BSA, α-lac and β-lg and Droplet Morphology 
The evolution of morphology in BSA, α-lac and β-lg droplets when dried at 65 oC and 80 oC 
are presented in Fig. 5.4. As can be seen from these figures, these three proteins produced three 
different types of morphological features. The surface of the BSA droplet showed ability to 
resist the stress exerted by drying process and hence, maintained spherical feature and resisted 
surface folding and wrinkling to a greater extent at both temperatures until the end of drying.  
Β-lg was least capable of resisting the deformation of droplet/particle surface during drying at 
both temperatures.  β-lg partially lost its spherical shape after 300 s and 200 s when dried at 
65oC & 80 oC, respectively and resulted into buckled particle. α-lac maintained its spherical 
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shape during early stage of drying.  However, it started becoming increasingly fragile and the 
particle surface was ruptured when the drying progressed. 
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Fig. 5.4. Development of morphological features in α-lac, β-lg and BSA during single droplet 
drying at 65 oC & 80 oC. The arrows are showing partial loss of spherical shape. 
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The whey protein BSA acquired a rigid structure immediately after the start of drying (Fig. 5.4) 
which might be responsible for much slower moisture evaporation in this protein. The rigidity 
of BSA droplet surface during drying might be explained by its large molecular weight. As 
BSA has higher molecular weight (66.27 KDa) than those of α-lac (14.18 KDa) and β-lg 
monomer (18.28 KDa). Besides, the high number of sulphur-bridges present in the BSA 
structure might provide greater resistance against outward moisture diffusion and maintain a 
moist interior. The preservation of its spherical shape by α-lac in the early stage of drying can 
also be attributed to its skin forming behaviour. The subsequent rupture of α-lac particle 
suggests that this protein forms thinner skin. The irreversible denaturation of proteins and their 
agglomerates are capable of forming thick skin at the outer surface of droplets being dried 
(Walton, 2000). It can be observed from Fig. 5.1 that α-lac denatured only marginally at 500 s 
when the skin was ruptured due to drying (a 65 oC). This lack of denaturation and; hence, the 
lack of formation of rigid wall (or skin) produced α-lac particles with hollow crust. The dried 
particles with hollow-crust are known to collapse or shrivel quite easily (Walton, 2000). This is 
the reason why the particles of α-lac ruptured quite easily at both drying temperatures. On the 
other hand, β-lg experienced significant (p<0.05) denaturation at both drying temperatures and 
that the denaturation and aggregation occurred as early as 250 s of drying. Since the denatured 
proteins conveniently form rigid skin, the formation of skin in this protein also started after 200 
s. This explains why the partial wrinkling of appeared on the surface of this protein after 200 s. 
The better stability of α-lac droplet/particle (lack of rupture) at 80 oC compared to 65 oC 
(Fig. 5.4, 500 s) can be attributed to the significantly (p<0.05) higher extent of denaturation of 
α-lac at 80 oC than at 65 oC.  
5.3.4  Alteration in Secondary Structure of BSA, α-lac and β-lg  
The Fig. 5.5 (panel A-C) show the IR spectra of native and dried BSA, α-lac and β-lg. The 
second derivatives of the IR spectra were used to identify the individual structural features of 
these proteins. For example, the derivative spectra (Fig. 5.6, panel B) derived from intrinsic 
absorbance spectra (Fig. 5.6, panel A) are able to clearly assign some specific bands both in 
native and dried proteins. The derivative spectra are also able to quantify the magnitude and 
direction of change occurring in a specific band due to drying related stresses. For example, 
when α-lac was dried at 65 oC for 500 s (Fig. 5.6B), the proportion of its β-sheet increased 
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(around 1680 cm-1) and this increase was compensated by the decrease in α-helix (around 1650 
cm-1) and β-turn (around 1663 cm-1 and 1690 cm-1). After assigning the bands using 9 point 
second derivative analysis, the FTIR spectra were deconvoluted and fitted with OPUS software 
to quantify the individual peaks (Fig. 5.7–5.8). The derivative spectrum of each untreated (or 
not dried) protein was overlayed on top of the corresponding dried protein. The assignment of 
each band to the secondary structural features after deconvolution is provided in Table 5.2. The 
peaks between 1600cm-1-1619 cm-1 are known to be generated from aromatic side chains and 
are not considered during the quantification of secondary structure (Ngarize et al., 2004; Susi & 
Byler, 1988). The changes in the secondary structural features due to drying are provided in 
Table 5.3. 13 bands were required to produce for best fitting to α-lac and β-lg’s IR spectra (Fig. 
5.7). On the other hand, BSA produced only 5 major bands both in native and dried state in 
amide-I region (Fig. 5.8). Although the band numbers are similar both in native and dried 
proteins, they showed difference in magnitude and the location of the bands. Through the band 
fitting and quantification, it was found that the secondary structures of α-lac and β-lg are 
dominated by beta structure while secondary structure of BSA is dominated by helix structure 
(Table 5.3). The observed composition of secondary structural features of BSA, α-lac, and β-lg 
is in agreement with earlier reports (Byler & Susi, 1986; Fu et al., 1994; Grdadolnik, 2003). It 
has been reported that α-lac contains 41.0% beta-structure and 33.0% helix-structure and β-lg 
contain 50.0% beta-structure and 10.0% helix-structure (Byler & Susi, 1986). Similarly, BSA 
contains 24.0% beta-sheet and 57.0% helix in its structure (Fu et al., 1994; Grdadolnik, 2003). 
Our observations suggest that the secondary structural properties of BSA, α-lac, and β-lg were 
affected by the convective drying quite differently. The drying process increased the β-sheet 
and random coil content in β-lg by 7.5% and 2.0%, respectively. At the same time, the α-helix 
and β-turn content decreased by 3.5% and 6.0%, respectively. In the case of α-lac, the drying 
stress decreased the α-helix content by 5.5% and β-turns content by 5.0%. These decreased 
secondary structural contents were compensated by increase in β-sheet by 6.5% and random 
coil by 4.0%. The β-sheet, helix and coil contents of BSA were found to increase (up to 2.0%, 
8.5%, and 3.0%, respectively), while the β-turn content decreased (up to 13.5%). 
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Fig. 5.5. Absorbance spectra from FTIR of original and dried A) α-lac, B) β-lg and C) BSA 
(black line, blue line & red line indicate native, 65 oC & 80 oC treated spectra respectively).  
Amide-I regions are zoomed in the insights. 
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Fig. 5.6. (A) Absorbance and (B) second derivative spectra of amide I region of the native and 
single droplet dried α-lac (black line, blue line & red line indicate native, 65 oC & 80 oC treated 
spectra, respectively). 
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Fig. 5.7. Fitted spectra of native and dried α-lac (a sample of second derivative spectra of 
native α-lac is at the top). 
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Fig. 5.8. Fitted spectra of native and dried BSA (a sample of second derivative spectra of native 
BSA is at the top). 
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Table 5.2. Peak assignments for secondary structure of protein in D2O of deconvoluted spectra 
in Amide-I region 
 
Components Wavenumber (cm-1) 
β-sheet (low frequency) 1620-1640 
random coil 1641-1647 
α-helix 1648-1660 
β-turns (low frequency) 1661-1673 
β-sheet (high frequency) 1674-1680 
β-turns (high frequency) 1681-1699 
 
 
Table 5.3. Percentage breakdown of different fractions of secondary structures in native and 
dried whey proteins  
 
Protein Treatment 
Secondary structures (%) 
α-helix β-sheet β-turns random coil 
α-lac 
Native 35.00 39.50 20.00 5.50 
65 oC (dried) 32.50 41.50 18.50 7.50 
80 oC (dried) 29.50 46.00 15.00 9.50 
Β-lg 
Native 25.00 47.00 17.00 11.00 
65 oC (dried) 22.00 54.50 12.00 11.50 
80 oC (dried) 21.50 54.50 11.00 13.00 
BSA 
Native 53.50 20.50 26.00 0.00 
65 oC (dried) 59.00 17.00 24.00 0.00 
80 oC (dried) 62.00 22.50 12.50 3.00 
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In conclusion, the kinetics of major whey proteins revealed that at the end of 600 s of 
convective drying 13.3% and 19.4% α-lac was found to denature at 65 °C and 80 oC, 
respectively while up to 31.0% of β-lg was denatured. No significant (p>0.05) amount of BSA 
was found to be lost by denaturation under these drying conditions. The secondary structural 
properties of all the studied proteins were found to be significantly (p<0.05) affected and 
altered by the drying stresses. In the case of α-lac and β-lg, the β-sheet and random coil 
contents were found to increase which were compensated by the decrease in α-helix and β-turn. 
On the other hand, β-sheet, helix and coil contents were found to increase in the case of BSA, 
while the β-turn content decreased. Highly wrinkled skin was formed on the surface of BSA, 
whereas hollow fragile skin was formed on the surface of α-lac. The whey protein β-lg droplet 
lost its spherical shape initially but developed firm outer surface skin afterward. The 
correlations among denaturation kinetics, drying kinetics and particle morphology during 
drying at droplet level reported in study will be important in producing structurally intact and 
functionally superior milk protein powders through spray drying. The fundamental information 
on the denaturation kinetics of BSA, α-lactalbumin and β-lactoglobulin presented in this study 
will broaden the application of these proteins as nutritional and functional ingredients, 
especially in food and pharmaceutical applications. 
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Chapter 6 
Drying and Denaturation Characteristics of Whey Protein Isolate in the 
Presence of Lactose and Trehalose 
Abstract  
The denaturation kinetics of whey protein isolate (WPI) in the presence and absence of lactose 
and trehalose was quantified in convective air drying environment. Single droplets of WPI, 
WPI-lactose and WPI-trehalose were dried in conditioned air (2.5% RH, 0.5 m/s air velocity) at 
two temperatures (65 ºC and 80 ºC) for 500 s.  The initial solid concentration of these solutions 
was 10% (w/v) in all the samples. Approximately 68% of WPI was denatured when it was 
dried in the absence of sugars. Addition of 20% trehalose prevented the irreversible 
denaturation of WPI at both temperatures. Thirty percent lactose was required to prevent 
denaturation of WPI at 65 oC and the same amount of lactose protected only 70% of WPI from 
denaturation at 80 oC. The secondary structures WPI were found to be altered by the drying 
induced stresses even in the presence of 20% trehalose and 30% lactose.  
Key words: Whey protein isolate, lactose, trehalose, denaturation, secondary structure, 
morphology. 
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6.1 Introduction 
Whey proteins are commonly used in food industry as ingredients due to their desirable gelling, 
foaming and emulsifying properties (Hoffman & Falvo, 2004). These proteins are ubiquitously 
incorporated in baby foods as they contain high proportion of essential and branched chain 
amino acids (Hoffman & Falvo, 2004; Godfrey, Robinson, Barker, Osmond, & Cox, 1996). 
They are also used to derive some specific health benefits; for example, athletes use these 
proteins for sustaining and enhancing the lean body mass (Brown, DiSilvestro, Babaknia & 
Devor, 2004). There is also an increasing trend of using these proteins to reduce undesired 
body fat (Baer et al. 2011). However, to obtain optimal performance out of these proteins, they 
are desired to be in their native state.  
Denaturation of protein during processing generally reduces their functional and nutritional 
efficacy. However, a certain degree of processing is essential to extend their shelf-life and to 
use these proteins as ingredients. Spray drying is a well-established method for producing food 
and pharmaceutical powders because it is operationally simple, high throughput and a hygienic 
process capable of producing powders with good particle size distributions (Jayasundera, 
Adhikari, Adhikari, & Aldred, 2010). Various aspects of spray drying of proteins have been 
studied by pharmaceutical and food science based researchers (Abdul-Fattah, Kalonia, & Pikal, 
2007; Oldfield, Taylor, & Singh, 2005). It is commonly reported that protein solutions are 
sensitive to thermal, evaporation and interface related stresses encountered in convective drying 
processes including spray drying and fluidized bed drying. These studies have shown that 
considerable amount of protein is inactivated or denatured during the powder formation 
process.  
Trehalose and lactose are commonly used sugars to protect biomolecules including proteins 
from drying related stresses (Pagnotta, McLain, Soper, Bruni, & Ricci, 2010; Dissanayake, 
Kasapis, George, Adhikari, Palmer, & Meurer, 2013). Trehalose is reportedly the most 
effective sugars in protecting biomolecules against desiccation related stresses (Pagnotta, 
McLain, Soper, Bruni, & Ricci, 2010; Sola-Penna, & Meyer-Fernandes, 1998). Due to its 
protective efficacy, trehalose is used in protecting quite large number of biomolecules 
including human blood platelets (Crowe et al., 2003; Satpathy et al., 2004). The superior 
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protecting efficacy of trehalose is reportedly due to its relatively high glass transition 
temperature (Tg) (Bellavia, Giuffrida, Cottone, Cupane, & Cordone, 2011). Because of its high 
Tg, it accords better protection against evaporation related stresses by producing a glassy matrix 
with relative ease.  Other researchers have argued that the compact water exclusion zone 
formed by trehalose molecules around protein molecules prevents direct contact/interaction 
between protein and water molecules thereby it helps preserve the structural integrity of 
proteins (Jain, & Roy, 2009). All of above mentioned mechanism of protection accorded by 
trehalose depend on the amount of moisture present in a sample. However, in convective drying 
processes such as spray drying, moisture content of a protein sample varies quite substantially. 
Hence, it is essential to study the degree and efficacy of trehalose in protecting protein 
molecules during drying in the entire moisture content spectrum. However, there are no 
publications reporting the drying and denaturation kinetics of proteins in the presence of 
trehalose.  
Lactose is another disaccharide which is also known to stabilize or protect proteins against 
drying induced stresses (Dissanayake, Kasapis, George, Adhikari, Palmer, & Meurer, 2013). It 
has also been shown that the presence of lactose greatly protects the microbial cells from 
drying related stresses (Ghandi, Powell, Chen & Adhikari, 2013). One similarity between 
lactose and trehalose is that both sugars have high Tg (>100 oC) in their anhydrous state. If a 
matrix of protecting solid remains in glassy state during drying, it will be better able to protect 
the biomolecules from drying related stresses. Hence, it is important to compare the efficacy of 
these two sugars in providing protection to whey proteins against drying related stresses. 
The vapour pressure gradient between a drying droplet and drying medium is the key driving 
force affecting moisture transferred out from the droplet/particle. Similarly, temperature 
gradient between droplet/particle and the drying air dictates the extent of heat transferred to the 
droplet/particle. In drying process, unique and complex evolution of particle morphology takes 
place which affects the coupled mass and heat transport processes (Haque, Aldred, Chen, 
Barrow & Adhikari, 2014). On the other hand, the magnitude of heat and mass transfer fluxes 
also greatly affect the development of morphology in drying droplets. The particle morphology 
in spray drying process is greatly affected by the drying condition as well as by the nature and 
concentration of feed. For example, the skin forming and crust forming materials develop quite 
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different morphological features (Adhikari, Howes, Bhandari, & Troung, 2004). Hence, the 
monitoring and analysing the evolution of morphology during the particle formation process 
can provide very important information. The difference in morphology of protein only and 
protein-protectant solid droplets along with their drying kinetics would provide better insight 
on the protective efficacy of protectants such as trehalose or lactose. However, it is not yet 
possible to measure either the drying kinetics of proteins or the morphological evolution in situ 
within spray drying chambers due to the closed configuration, presence of millions of 
droplets/particle at the same time and complex particle-fluid interactions. For the same reason 
the drying and denaturation kinetics of protein-only and protein-sugar solution droplets during 
the particle formation process have not been adequately understood. Single droplet drying 
experiments have established as simplified and idealized model of spray drying. Despite some 
limitations such as larger droplet size and much longer drying time, single droplet drying 
experiments provide very important information such as drying kinetics (Haque, Putranto, 
Aldred, Chen, & Adhikari, 2013a), denaturation kinetics (Haque, Aldred, Chen, Barrow, & 
Adhikari, 2013b) and the development of morphological features (Haque et al., 2014) during 
the convective drying. 
In this context, the aims of this study were to quantify and explain the extent and nature of 
denaturation of WPI in convective air drying process in the presence and absence of lactose and 
trehalose. In the course, we determined the minimum amount of these two sugars which could 
provide effective protection to WPI against drying induced denaturation. We also quantified the 
extent of change in secondary structure of whey protein isolate (WPI) in the presence and 
absence of these two sugars up to their effective concentrations. The evolution of morphology 
during drying of WPI only and WPI-sugar solution droplets were also observed.  
6.2  Materials and Methods 
6.2.1  Materials 
Whey protein isolate (WPI 895) was donated by Fonterra Cooperative, New Zealand. Lactose 
mono-hydrate and trehalose di-hydrate were purchased from Sigma-Aldrich (New South Wales, 
Australia). The individual whey proteins such as α-lactalbumin (α-lac), β-lactoglobulin (β-lg A 
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& B) and bovine serum albumin (BSA) having electrophoretic purity ≥ 95% were purchased 
from Sigma-Aldrich (New South Wales, Australia) and were used to as standards for peak area 
and the time of elution in the RP-HPLC tests. HPLC grade acetonitrile and trifluoroacetic acid 
(TFA) were purchased from Sigma-Aldrich and Fisher Scientific, respectively. Deuterium 
oxide (D2O) was purchased from Sigma-Aldrich (New South Wales, Australia). All proteins, 
sugars and chemicals were used as received without further purification. 
6.2.2  Methods 
6.2.2.1  Single Droplet Drying (SDD) 
The convective drying of sample solution droplets was carried out by using SDD instrument, 
the detail of which is reported previously (Haque et al., 2013b). In preparation of sample 
solutions, the sugars were individually mixed with WPI at different ratios (Sugar: WPI = 0:100, 
10:90, 20:80, 30:70, 40:60, w/w). The aqueous droplets containing 10% (w/v) solid 
concentration and 5±0.1 µL initial volume (2±0.1 mm initial droplet diameter) were suspended 
on the tip of a glass filament having 0.2±0.01 mm diameter. The filament along with droplets 
was attached to a Teflon cylinder and this assembly (holding cylinder + filament) was placed 
inside the drying chamber. The droplets were than subjected to drying air. Drying was carried 
out at two different air temperatures (65 ºC and 80 °C) at a constant air velocity of 0.5 m/sec 
and at 2.5±0.5% relative humidity (RH). The droplets were dried for 500 s and the denaturation 
was measured at every 100 s interval. The temperature and mass loss histories were recorded 
directly to a computer. Images of the droplets during drying were captured at every 50 s 
interval using a digital camera (EOS 60D, Canon, NSW, Australia) with 40-50 times 
magnification.  
6.2.2.2 Determination of Denaturation of Proteins 
The dried droplets were diluted to 100 µg/mL concentration with deionized water. To help the 
coagulation process of the denatured proteins the pH of the diluted samples were reduced to 4.6 
(Isoelectric point (IP) treatment) by adding 0.1M HCL (Haque et al., 2013a). The IP treated 
solutions were kept for 30 minutes and centrifuged at 11,500 g for 10 minutes. The 
supernatants were used to separate the denatured and undenatured proteins by using RP-HPLC. 
141 
 
A sample which was not subjected to drying was also tested using RP-HPLC by following the 
same procedure including IP treatment and centrifugation. The residual native protein content 
was calculated using equation (1) (Parris & Baginski, 1991).  
Undenatured (intact) protein (%) = ΣAtreat/ ΣAcontrol× 100 ………………….. (1) 
where, 
ΣAtreat = sum of areas under peaks of the treated sample 
ΣAcontrol = sum of areas under peaks of the control sample 
These experiments were carried out in triplicate and the average values are reported in the 
ensuing sections. The significant difference between two mean values was determined using 
one way analysis of variance at 95% confidence level (p<0.05). The inbuilt program in 
Microsoft ExcelTM, Microsoft Office Excel 2010 was used for this purpose. 
6.2.2.3 X-ray Diffraction   
X-ray diffraction (XRD) analysis was carried out to measure the extent of crystallinity in 
lactose and trehalose before they were used as protectants. XRD experiments were carried out 
using Siemens (D501) diffractometer with CuKα1 radiation. Diffractograms were taken 
between 8o (2θ) and 52.15o (2θ) at a rate of 1.20o/min (2θ) and with a step size of 0.05o (2θ). 
An anti-scatter slit of 0.15 mm and 1o divergence and receiving slits were used.  
6.2.2.4 Acquiring and Analysis the IR Spectra 
In order to determine the alteration in secondary structural features of whey proteins the 
samples were scanned using Perkin Elmer Frontier FT-IR instrument operated by CPU32M 
software. The sample buffer was prepared by adding 100 mM sodium chloride (NaCl) into 
deuterium oxide (D2O) (van de Weert, Haris, Hennink, & Crommelin, 2001). The dried and 
control samples were diluted to 5mg/ml protein concentration using the buffer. The SDD 
samples used in these tests were collected after 500 s of drying at 80 oC. As much higher extent 
of denaturation of protein occurs at 80 oC than at 65 oC we only carried out FTIR analysis of 
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the samples dried at 80 oC in the absence and presence of lactose and trehalose. A total of 16 
scans at 4 cm-¹ resolution were accumulated at 0.2 cm/s scanning rate within 650 cm-1 to 4000 
cm-1IR region.  
The baseline was subtracted from the accumulated spectra to avoid the effect of the buffer. The 
amide region-I (1600-1700cm-1) was analysed to determine the secondary structural features 
because of high signal to noise ratio in this region (Fu, Deoliveira, Trumble, Sarkar, & Singh, 
1994; van de Weert, Haris, Hennink, & Crommelin, 2001). Perkin Elmer’s proprietary software 
(Version 10.03.06) and OPUS 6.5.92 software (Bruker Biosciences Pty Ltd., Victoria, 
Australia) were used in these analyses. A 13-point second derivative analysis using Perkin 
Elmer’s software was used to locate the peak position in the spectra. The OPUS software was 
used to fit the Gaussian bands for the quantitative analysis. Percentage of each structural 
feature (α-helix, β-sheets, β-turns and random coils) was estimated using equation (2). 
Secondary structure (%) =  Aind /Aall x 100                         (2) 
where, Aind  =  sum of areas of individual secondary structural elements within amide I band 
Aall  =  sum of areas of all secondary structural elements within amide I band 
The bands identifying each specific secondary structural feature (α-helix, β-sheets, β-turns and 
random coils) were assigned as suggested in literature (Kong, & Yu, 2007; Boye, Alli, Ismail, 
Gibbs, & Konish, 1995). The bands from 1620 cm-1 to 1640 cm-1 and 1674 cm-1 to 1680 cm-1 
were assigned to β-sheets. The bands from 1641 to 1647 cm-1 was assigned to random coil. The 
bands within 1648 to 1660 cm-1 were assigned to α-helix. Similarly, the bands appearing at and 
in the vicinity of 1663 cm-1, 1671 cm-1, 1683 cm-1, 1688 cm-1 and 1694 cm-1 were assigned to 
β-turns. The peaks between 1600cm-1-1619 cm-1 were not used while quantifying the secondary 
structural features as they are known to be generated from aromatic side chains (Ngarize, 
Herman, Adams, & Howell, 2004). 
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6.3  Results and Discussion 
6.3.1  Denaturation Kinetics of WPI during Convective Drying with and without Sugar 
The residual protein content of WPI as a function of time at two drying temperatures and in the 
presence of lactose and trehalose (65 °C, 80 oC) are presented in Fig. 6.1 & 6.2. The protein 
content of WPI was determined using the retention time and peaks of each whey protein 
fractions (α-lactalbumin, β-lactoglobulin and BSA). The retention times and peaks of these 
proteins are not reported here as they were reported elsewhere (Haque et al., 2013a). As can be 
seen from these figures, more than 68% WPI was lost by denaturation at both drying 
temperatures in the absence of lactose and trehalose.  It can also be seen from these figures that 
both lactose and trehalose are capable of providing protection to WPI against denaturation, 
albeit at significantly different (p<0.05) extent.  Fig. 6.1A shows that addition of 30% (on total 
solid basis) lactose was required for significant protection of WPI at 65 oC drying temperature. 
In the presence of 10% lactose, 51.9% and 60.6% protein was found to be denatured at 65 oC 
and 80 oC, respectively. Addition of 20% (on a total solids basis) provided better protection of 
WPI. For example, only about 45.0% of WPI was lost when drying was carried out at 80 oC. 
Thirty percent (30%) (on a total solids basis) of lactose was able to protect 69.7% of WPI at 
80oC. Higher than 30% of lactose was unable to provide additional protection against 
denaturation of WPI (Fig. 6.2A). On the other hand, addition of less or similar proportion of 
trehalose was able to provide much better protection from denaturation of WPI at both drying 
temperatures (Fig. 6.1B, 6.2B). Even the addition of 10% trehalose provided 90.8% protection 
of WPI after 500 s of drying at 65 oC temperature. The addition of 20% of trehalose was able to 
provide complete protection of WPI at 65 oC and up to 90% WPI was protected at 80 oC drying 
temperature. The increase of the trehalose above 20% did not provide significantly better 
(p>0.05) protection against denaturation at 80 oC (Fig. 6.2B). 
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Fig. 6.1. Extent of denaturation of WPI during convective drying at 65 oC air temperature in the 
presence of lactose and trehalose at different ratios. A) Lactose [L] and B) Trehalose [T], Td = 
drop temperature. The error bars represent the standard deviation (SD) of experimental data.  
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Fig. 6.2. Extent of denaturation of WPI during drying at 80 oC in the presence of lactose and 
trehalose at different ratios. A) Lactose [L] and B) Trehalose [T], Td= drop temperature. The 
error bars represent the standard deviation (SD) of experimental data.  
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Based on the above data it can be seen that trehalose is much better than lactose in providing 
protection to WPI against denaturing stress generated during convective drying. It was reported 
previously that trehalose provided better stability to some enzymes and proteins during freeze 
drying and spray drying than the lactose did (Tani, Nishitani, Yasumoto, & Kitabatake, 2011; 
Andya et al., 1999). The current observation also agrees with the earlier finding that trehalose is 
highly effective protectant against desiccation related stresses in living cells (Ma et al., 2005). 
These authors observed that trehalose can protect some living cells even when the water 
content falls as low as 0.3 (kg water/kg solid). It is now commonly accepted that sugars can 
protect the living cells against desiccation. However, there is no commonly accepted hypothesis 
explaining the exceptionally high effectiveness of trehalose as a protectant solid. Two of the 
most frequently cited hypotheses explaining this efficacy are the glass transition based 
mechanism (Crowe, 2007; Leslie, Israeli, Lighthart, Crowe, & Crowe, 1995) and the 
preferential exclusion mechanism (Jain, & Roy, 2009; Roser, 1991). Tg of trehalose (117 oC) is 
much higher than other common disaccharides such as maltose (87 oC) and sucrose (62 oC) in 
their anhydrous state (Arpagaus, Schafroth, & Meuri, 2010). The Tg of anhydrous lactose 
(101 oC) is very close to that of anhydrous trehalose, yet the protective efficacy of trehalose is 
much higher than that of lactose (Fig. 6.1 and 6.2).  Thus, the glass transition based mechanism 
does not explain the exceptionally high efficacy of trehalose (compared to lactose) in 
minimising the denaturation of WPI during convective drying.  
The preferential exclusion hypothesis suggests that trehalose does not interact directly with 
protein. Rather, it takes away water molecule and forms hydrated shell around the 
biomolecules. This trehalose containing hydrated shell increases the compactness and stability 
through decreasing the hydration radius of protein (Jain, & Roy, 2009). The work of 
Roser (1991) further explains that trehalose is highly stable sugar because its two glucose 
subunits are joined via 1,1 α-glycosidic bond which has a bond energy of < l kcal/mol (Roser, 
1991).  This bond energy is much lower than the free energy associated with the glycosidic 
bonds in other disaccharide sugars such as the 1,4 bond (4 kcal/mol) found in maltose and 
lactose (McCarter et al., 1992). Due to the low disaccharide bond energy trehalose is 
comparatively stable than other disaccharides in the presence of reactive chemical groups such 
as amino groups of proteins (Roser, 1991). The two hydrogen bonded water molecules in 
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trehalose make the trehalose structure more compact and more flexible and facilitate the 
formation of a water-exclusion layer around other biomolecules. Intermolecular hydrogen 
bonds are formed in other disaccharide sugars which make it more difficult for them to form 
water-exclusion layer.   
Table 6.1. Composition (percentage) of secondary structural features (α-helix, β-sheet, β-turn) 
in native and dried WPI & WPI-Sugar samples. L= lactose, T= trehalose 
Treatment Sample 
Mixing 
ratio 
Secondary structures (%) 
β-sheets 
Random 
coil 
α-helix β-turn 
Control Native WPI (100:0) 43.1 0.00 22.8 34.1 
80 oC 
(500 s 
SDD) 
WPI (100:0) 52.0 3.1 24.6 20.3 
WPI: L 
(90:10) 47.7 0.00 25.4 26.9 
(80:20) 47.5 3.2 28.2 21.1 
(70:30) 37.7 17.7 21.9 22.7 
(60:40) 33.2 12.5 22.9 31.4 
WPI: T 
(90:10) 34.5 14.5 23.4 27.6 
(80:20) 34.8 22.7 20.8 21.7 
(70:30) 35.3 16.2 25.1 23.4 
(60:40) 34.8 12.5 22.3 30.4 
 
Interestingly the FTIR data showed that the presence of neither sugars (lactose or trehalose) 
could stop the drying-induced alteration on the structure of WPI. Although the 
chromatographic data showed that almost all of the WPI was protected in the presence of ≥20% 
of trehalose (Fig. 6.1 & 6.2), the secondary structural features of WPI were found to be 
significantly altered (p<0.05) when the WPI-trehalose solution was dried (Table 6.1). The 
reason might be inadequate or no exposure of hydrophobic groups of the whey proteins in the 
solution to aggregate or to interact with the hydrophobic chemicals in the RP-HPLC column. 
The hydrated structure around the biomolecules by the preferential exclusion arrangement of 
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trehalose might have limited the exposer of hydrophobic groups. In other words, the presence 
of trehalose limited the unfolding of whey proteins’ structure.  This disaccharide prevented 
further exposure of the hydrophobic moieties of WPI which is precondition for inter molecular 
aggregation and hence denaturation loss. The fact that the RP-HPLC failed to separate these 
structurally altered protein molecules which indicates that the exposure of the hydrophobic 
moieties was not adequate for the hydrophobicity based separation method (RP-HPLC) to be 
able to detect such alteration. This observation is in agreement with earlier reports that 
trehalose inhibits or reduces aggregation of denatured protein molecules (Singer, & 
Lindquist, 1998).  Due to the lack of aggregation (due to the presence of trehalose) the WPI 
molecules were not coagulated as well even at the pH 4.6. 
6.3.2  Drying Kinetics during Convective Drying of WPI-sugar Solution 
We found that more than 67% WPI was lost by denaturation in a convective air drying process 
at 65 oC while no WPI was lost by denaturation in an isothermal heating process in a water bath 
at the same temperature (Haque et al., 2013b). The convective drying exerts dehydrational and 
interfacial stresses in addition to thermal stress which denature proteins (Maa, Nguyen, & Hsu, 
1998). On the other hand, only thermal stress was applied when protein solution was heated in 
a temperature controlled water bath. 
The type and concentration of sugars affected the drying kinetics of proteins as well. As can be 
seen from Figs. 6.1 & 6.2 (temperature profiles), the increase in the concentration of both 
sugars resulted into slower increase in the droplet temperature in the early stage of drying and 
the drop temperatures stayed in the vicinity of wet bulb temperature for longer time compared 
to the WPI-only droplet. However, at the later stage of drying the droplet temperature of the 
droplets containing sugars increased much faster. To estimate the drying rate of the WPI-sugar 
formulations a cubic polynomial model (equation 3) was fitted to the experimental moisture 
ratio (MR) versus time data and the drying rate was calculated as shown by equation (4). A 
representative WPI-sugar formulation (20% sugar) is used to explain the effect of drying rate 
on protein denaturation in the presence of these two sugars because this is the minimum 
proportion of sugar (trehalose) at which it was able to prevent the denaturation of WPI (Section 
6.3.1). 
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.MR = Xt−X∞
Xo−X∞
= −At3 + Bt2 − Ct + D    (3) 
dXt
dt
= (Xo − X∝)(−3At2 + 2Bt − C)               (4) 
where, Xt = moisture content of the droplet being dried at a given time (kg/kg solid), X∞ = final 
moisture content of the dried droplet at the end of drying (kg/kg solid) and Xo = initial moisture 
content of the droplet being dried (kg/kg solid). Similarly, t = drying time (s) and A, B, C & D 
are the model constants. The drying rates (dXt/dt) of the WPI-sugar samples were estimated by  
fitting the cubic model to acceptable R2 values (>0.97) and differentiating the fitted line with 
respect to time. 
The drying rate of WPI-without sugar droplet was far less than the WPI-sugar droplets at the 
initial stage of drying. The low initial evaporation rate results into higher initial temperature of 
WPI droplet than those of the sugar-WPI droplets (Fig. 6.1, temperature profiles). However, the 
drying rates of all the droplets (WPI-without sugar and WPI-sugar) became similar at around 
the moisture content of 4 kg water /kg solid during drying at 65 oC.  It has been reported that 
the formation of glassy skin around the protein droplets occurs during convective drying 
(Adhikari, Howes, Shrestha, & Bhandari, 2007) which might be the reason for the lower drying 
rates in WPI-sugar droplets toward the later part of drying. The evaporation of water was 
almost ceased when the moisture content reached to 0.36 kg water/kg solid (with 0.002 kg/kg/s 
drying rate) in WPI-without sugar droplet, 0.56 kg water /kg solid (with 0.001 kg/kg/s drying 
rate) in WPI-lactose droplet and 0.51 kg water /kg solid (with 0.002 kg/kg/s drying rate) in 
WPI-trehalose solution droplet. Similar trends of drying kinetics were observed in these 
protein-sugar solutions at 80 oC as well; the difference was that the early stage of drying was 
much shorter compared to those dried at 65 oC.  
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6.3.3  Morphology of WPI-sugar Droplets 
The morphological features of droplets of WPI-sugar solutions when dried at 80 oC are 
presented in Fig. 6.3. The original spherical shape of the droplets was maintained up to 100 s in 
all of these solution droplets. The WPI-only droplets partially lost the spherical shape after 
100s of drying. The shape of WPI-only droplet deviated from sphericity and started to become 
elongated after 200 s. This early deviation from sphericity and later stable elongated shape in 
WPI droplet can be attributed to the formation of thick skin on the surface of the droplet by 
denatured protein (Walton, 2000). This morphological observation agrees with the denaturation 
data presented in Fig. 6.2 that the irreversible denaturation of WPI started after about 200 s. 
Upon further drying, the shape of the WPI droplet buckled due to further growth of thickness of 
skin and increasing internal vapour pressure.   
The presence of both lactose and trehalose helped WPI to maintain the spherical shape much 
longer time in the drying process. This is because addition of comparatively low molecular 
weight sugar with protein facilitated the evaporation of water at the early stage of drying which 
resulted into almost uniform shrinkage of droplet up to 100 s. The concentration of solids in the 
droplet increased when the drying progressed which slowed down the evaporation of water. In 
addition, a glassy skin was formed around the WPI-sugar droplets when drying progressed 
which provided greater resistance to outward diffusion of moisture (Adhikari, Howes, 
Bhandari, & Troung, 2003). This skin promoted internal vaporization and increased the internal 
pressure to the droplet surface which ultimately resulted into the formation of wrinkles on the 
surface of WPI-sugar droplets towards later stage of drying (Fig. 6.3). The interplay between 
the force generated by this internal vaporization and continuously increasing resistance to this 
vapour to diffuse out by the glassy surface layer produces wrinkled morphology. The presence 
of either sugar (at the tested WPI: sugar ratios) finally could not maintain the sphericity of the 
original drop. However, particle containing trehalose was more transparent compared to the 
droplet containing lactose. This may be due to higher degree of crystallinity of lactose than 
trehalose used in our experiments (Fig. 6.4).  
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Fig. 6.3. Development of morphological features of WPI-Sugar mixtures during single droplet 
drying at 80 oC.  L= lactose, T= trehalose. The arrows show the loss of spherical shape. 
 
152 
 
 
Fig. 6.4. X-ray diffraction patterns of WPI, lactose and trehalose at original state. 
6.3.4  Change in Secondary Structure of WPI during Drying in the Presence and Absence 
of Sugars  
The IR spectra (of amide-I region) of control (not dried) WPI and dried WPI are presented in 
Fig. 6.5. The second derivative analysis was used to identify the individual structural features 
of WPI. For example, the derivatized spectrum (Fig. 6.5B) derived from the IR absorbance 
spectrum of native WPI (Fig. 6.5A) are able to distinguish the bands associated with the 
secondary structural features. About 12 to 13 bands were produced to best fit the WPI and 
WPI-sugar spectra (Fig. 6.5, panel C & D). Through the fitting of the assigned bands and 
quantifying the magnitude of these bands, it was found that the WPI sample which was not 
subjected to drying (control) contained 43.1% β-sheet, 22.8% α-helix and 34.1% β-turn in its 
structure which is in accordance with the literature (Ramos et al., 2013; Zhu & Damodaran, 
1994). Ramos et al. (2013) and Zhu & Damodaran (1994) have reported that that β-sheet is the 
dominant secondary structure of WPI comprising more than 42%. As shown in Table 6.1, the 
secondary structure of WPI is greatly affected by the stresses generated during the convective 
drying. The drying process increased the β-sheet and α-helix contents by 8.9% and 1.8%, 
WPI 
Lactose 
Trehalose 
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respectively. About 3.1% random coil appeared newly due to the drying induced stressing. At 
the same time, the β-turn content decreased by 13.8%.  These IR analyses revealed that 
although the sugars, trehalose in particular, are able to protect WPI from the 
denaturation-associated loss (Fig. 6.1 & 6.2), they could not prevent the change or alteration 
occurring in the secondary structure of WPI. This means that the presence of sugars such as 
trehalose and lactose prevent the complete unfolding and exposure of hydrophobic moieties of 
the whey protein molecules. This also implies the intermolecular aggregation, which is 
essential precondition for the formation of insoluble aggregates, is prevented in the presence of 
sugars. This means that when sufficient numbers of sugar molecules (trehalose) are present in 
close proximity of these polypeptides, the exposure of the hydrophobic moieties is limited. 
Also, as the sugars are expected to preferably interact with water, the kinetic environment for 
aggregation of protein molecules is not favoured as water molecules are tied up with sugars. In 
our HPLC analysis the denatured and undenatured protein is separated through centrifugation 
of aggregated proteins and also by the hydrophobic interaction with polymers present in the 
column. The secondary structural features were significantly (p<0.05) altered by the convective 
drying; however, these alterations did not get reflected on the hydrophobicity and was not 
detected by the RP-HPLC. This indicates that the presence of sugars (especially trehalose) 
prevented the exposure of the hydrophobic moieties and hence they were not detected. 
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6.4  Conclusions 
The drying and denaturation kinetics of WPI-without sugar, WPI-lactose and WPI-trehalose 
solutions in convective air drying process showed that trehalose had much higher efficacy in 
protecting WPI from denaturation compared to lactose. At the end of 500 s of drying about 
68% of WPI was lost due to denaturation when no sugar was added. The incorporation of 20% 
(of total solids) trehalose was able to completely arrest the denaturation and subsequent 
coagulation of WPI. At the same drying condition, incorporation of 30% (of total solids) 
lactose was able to protect 70% of WPI. Further increase in the concentration of lactose did not 
provide additional protection against denaturation. The convective drying of WPI increased the 
β-sheet and α-helix content by 8.9% and 1.8%, respectively and decreased the β-turn content by 
13.8%. The secondary structure of WPI was significantly affected by the convective drying 
process even in the presence of lactose and trehalose. The presence of >20% of trehalose 
prevented the exposure of hydrophobic moieties and prevented the inter molecular aggregation  
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Chapter 7 
Denaturation and Physical Characteristics of Spray Dried Whey Protein 
Isolate Powders Produced in the Presence and Absence of Lactose, Trehalose 
and Polysorbate- 80 
Abstract 
The denaturation (change in secondary structure and aggregation) and physical characteristics 
such as powder morphology, particle size and size distribution, amorphous/crystalline 
behaviour and solubility of WPI were investigated in a spray drying process. The protective 
efficacy of sugars (lactose and trehalose) and low molecular weight surfactant polysorbate-80 
(Tween-80) on the secondary structure (β-turn, β-sheet and α-helix) and physical characteristics 
of spray dried WPI was quantified. The WPI, WPI+sugar and WPI+Tween-80 formulations 
were spray dried maintaining the total solids at 10% (w/w). The inlet and outlet temperatures 
were maintained at 180 oC and 80 oC, respectively. The results showed that the denaturation 
loss and the loss of solubility of WPI due to drying stresses in the spray drying process were 
not significant (p>0.05). However, the β-sheet and β-turn were found to decrease by 4.4 % and 
14.5%, respectively and the random coil increased by 20.7% when WPI was spray dried 
without protectants. The α-helix of WPI remained unaltered during the spray drying process. 
The presence of Tween-80 effectively protected the α-helix and β-sheet but the β-turn remained 
vulnerable and was decreased. Spray drying of WPI+sugar produced essentially amorphous 
particles. The dried powder particles were spherical with wrinkled or folded surface.  
Key words: Whey protein isolate, sugar, surfactant, denaturation, secondary structure, surface 
morphology.  
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7.1  Introduction 
Demand for the industrially produced whey protein isolate (WPI) and whey protein concentrate 
(WPC) is increasing as they contain structurally and functionally valuable β-lactoglobulin, α-
lactalbumin and bovine serum albumin (BSA). These proteins have a balanced combination of 
essential amino acids and high digestibility score (Anandharamakrishnan, Riellya & Stapleya, 
2007; Anandharamakrishnan, Raghavendra, Barhate, Hanumesh & Raghavarao, 2005) and are 
considered be important ingredients in many food formulations (Hoffman & Falvo, 2004). 
Whey proteins have quite stable secondary and tertiary structures when they are in their native 
state. They form globular configuration through intermolecular interactions between adjacent 
peptide chains (Duongthingoc, George, Katopo, Gorczyca & Kasapis, 2013; Ng-Kwai-Hang, 
2011). This native structure plays a vital role in imparting the characteristic functionality of 
these proteins. However, this globular structure is very sensitive to external stresses such as 
high temperature, high hydrostatic pressure and adverse acidic or alkaline conditions (Hinrichs 
& Rademacher, 2005; Oldfield, Harjinder, Michael & Kevin, 1998). These external stresses 
denature these proteins by altering their native structure (Anandharamakrishnan et al., 2007; 
Oldfield, Taylor, & Singh, 2005). Denaturation and aggregation of proteins affect their 
properties such as solubility, foaming and gelling ability (Anandharamakrishnan et al., 2007). 
The production of WPI and WPC powders currently requires that these proteins pass through a 
series of thermal processes such as pasteurization, evaporation and spray drying. Spray drying 
is the most important unit operation in producing WPI and WPC on an industrial scale. The 
spray drying process exerts a number of stresses such as thermal stress, interfacial stress and 
dehydration stress to whey proteins (Adler, Unger & Lee, 2000; Maa, Nguyen & Hsu, 1998). 
These stresses are the major causes of denaturation of whey proteins during spray drying 
(Anandharamakrishnan et al., 2007). However, it is desirable that the whey proteins remain 
structurally and functionally intact as in their native state to derive best health and other 
functional benefits. Controlling the spray drying parameters especially the inlet and outlet 
temperatures, and incorporating protectant solids with the protein in the feed are two commonly 
used approaches to minimise the denaturation of protein during spray drying 
(Anandharamakrishnan et al., 2007; Andya et al., 1999; Ohtake, Kita, & Arakawa, 2011). The 
incorporation of protectant solids is a relatively easy and economic approach compared with 
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altering the process parameters. However, selecting an effective protectant is not easy in many 
instances. The selection of a protectant solid or an excipient requires a thorough understanding 
its ability to minimise the denaturation of protein during drying and its ability to allow easy 
handling.  
Disaccharide sugars such as lactose and trehalose are widely used as excipients/stabilizers 
during spray drying of proteins (Adler & Lee, 1999). Even in nature, some desert plants (Roser, 
1991) and stressed microbes (Rapoport, Khroustalyova, Crowe & Crowe, 2009; Wiemken, 
1990) make use of trehalose to protect themselves from extreme desiccation. However, it has 
been shown that substantially high amount of sugar is required to protect proteins from drying 
induced denaturation. For example, more than 20% (w/w) sucrose was required to stabilize 
trypsinogen during spray drying (Tzannis & Prestrelski, 1999).  
Incorporation of low molecular weight surfactants (LMS) also helps to protect the protein from 
interfacial stresses (Adler et al., 2000; Maa et al., 1998). It has been shown that incorporation 
of <1% (w/w) non-ionic surfactant helps in protecting protein from denaturation during spray 
drying (Adler et al., 2000; Arakawa & Kita, 2000).  When a feed containing protein and 
surfactant is atomised they outcompete proteins in occupying the air-water interface thus 
prevent proteins to reach to and unfold at the air-water interface and other absorption sites. The 
LMS such as polysorbate-80 (Tween-80) have kinetic advantages over proteins to occupy the 
air-water interface due to their small size and faster diffusion speed.  
It has been reported that the denaturation of protein during spray drying or particle formation 
process is not as significant as it is in upstream processes such as pasteurization and 
evaporation (Oldfield et al., 2005; Singh & Creamer, 1991). However, these researchers 
considered and quantified the insoluble or coagulated proteins as denatured proteins. It is now 
commonly accepted that the denatured protein may not aggregate, and some aggregates may 
not precipitate during the time scale of these tests. The irreversibly denatured proteins might 
not be able to aggregate and hence may not be able to coagulate. Hence, it is essential to 
consider the change in secondary structure of a protein as a measure of denaturation together 
with the aggregation/coagulation. 
164 
 
The characteristic features of whey protein powders such as particle size, morphology and 
solubility have many effects on foaming and gel forming ability, and also affect how 
conveniently they can be handled (Dissanayake, Liyanaarachchi & Vasiljevic, 2012; Walton, 
2000; Anandharamakrishnan, Riellya & Stapleya, 2008). The loss of bioactivity of whey 
proteins due to thermal treatment in the presence and absence of protectants (sugar and 
surfactant) was studied previously (Giroux & Britten, 2004; Kulmyrzaev, Bryant & 
McClements, 2000). However, the physical quality (such as particle size distributions and 
morphology) issues of whey protein powders (dried with protectants) are not adequately 
investigated. When sugars are added as protecting solids, it is expected that the presence of 
sugars as co-solutes can alter the morphology and crystalline/amorphous nature of the spray 
dried powder. Hence, physical characterization of the spray dried WPI particles in presence of 
protectants is important for producing powder with better utilization and ease of handling.  
In this context, the aim of this study was to investigate the loss of WPI through denaturation 
and assess the alteration of secondary structural features (α-helix, β-sheet, β-turn and random 
coil) of whey proteins due to spray drying. The effect of protectants (lactose, trehalose and 
Tween-80) on the secondary structure of WPI during spray drying was observed. The spray 
dried particles of WPI-protectant matrices were characterized regarding particle size and size 
distributions, morphology and crystallinity. The effect of spray drying on the solubility of WPI 
was also assessed. 
7.2   Materials and methods 
7.2.1  Materials 
Whey protein isolate (WPI) (Iso Sensation(R) 93) produced by Ultimate Nutrition (Lancashire, 
UK) and distributed by Elite distributors (Victoria, Australia) was used throughout this study. 
According to the manufacturer, this WPI product contained 93% undenatured and fully 
bioactive protein. α-lactose monohydrate, D-(+)-trehalose di-hydrate, α-lactalbumin (α-lac), β-
lactoglobulin (β-lg A & B) and BSA were purchased from Sigma-Aldrich (New South Wales, 
Australia). Acetonitrile and deuterium oxide (D2O) were also purchased from Sigma Aldrich. 
Trifluoroacetic acid (TFA) was purchased from Fisher Scientific (Victoria, Australia). The non-
ionic surfactant polyoxyethylene sorbitan monooleate or polysorbate-80 (Tween-80TM) was 
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purchased from Chem-supply (South Australia, Australia). All the proteins, sugars and 
chemicals were used as received without further purification. 
 7.2.2  Methods  
7.2.2.1  Sample Preparation and Spray Drying 
Lactose and trehalose were individually mixed with WPI at different ratios (Sugar: WPI = 
0:100, 10:90, 20:80, 30:70). Through the single droplet drying tests it was found that 30% 
sugar (on dry solid basis or sugar-to-protein ratio of 30:70) was the highest concentration of 
sugar up to which it continued to protect WPI from denaturation (discussed in Chapter 6). The 
WPI-surfactant solutions were prepared by mixing 0.005%, 0.01%, 0.05% and 0.1% (w/w) 
Tween-80 with WPI. The total solid concentration was maintained at 10% (w/w) in each 
formulation to keep the total solid content close to that of bovine milk. Fifty grams of the above 
WPI-sugar formulations were mixed into deionized water and made to final mass of 500 g. 
Solutions were prepared at ambient temperature by stirring for 1 hour and were used 
immediately or kept at 4 ⁰C before use. No solution was used after 6 hours of preparation. The 
final solution was spray dried using a benchtop spray dryer (B-290, Buchi, Switzerland). The 
inlet and outlet temperatures were maintained at 180 ⁰C and 80 ⁰C, respectively. These two 
temperatures fall within the range of spray drying operations used for producing WPI and WPC 
powders (Anandharamakrishnan et al., 2007).   
7.2.2.2  Quantification of Denaturation of WPI due to Spray Drying 
7.2.2.2.1 Reversed Phase High Performance Liquid Chromatography (RP-HPLC) method 
The spray dried and control (not subjected to spray drying) WPI samples were diluted to100 
µg/mL with deionized water. Then, the pH of the diluted protein solutions was lowered to 4.6 
by adding 0.1M HCl to assist in separating the native and denatured proteins 
(Anandharamakrishnan et al., 2008; Haque, Aldred, Chen, Barrow, & Adhikari, 2013). This is 
because at pH 4.6 the denatured whey proteins and the caseins (if any) aggregate and 
precipitate (Parris & Baginski, 1991) which makes it easier to separate the denatured whey 
proteins out. The isoelectric points (IPs) of α-lac, β-lg and BSA are 4.4, 5.2 and 5.1, 
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respectively (Cavallieria, Costa-Nettob, Menossib, & Cunha, 2007; Etzel, 2004). Hence, at pH 
4.6 the undenatured or structurally intact whey proteins remain soluble (Anandharamakrishnan 
et al., 2008). After keeping 30 minutes at pH 4.6 the diluted samples were centrifuged at 
11,500 ×g for 10 minutes. The supernatants were collected and injected onto the RP-HPLC 
column (Aeris WIDEPORE 3.6 XB-C18, 150×2.1mm, Phenomenex Pty. Ltd., Australia) to 
measure the amount of undenatured proteins. The extent of denaturation of whey proteins was 
calculated by comparing the peak areas of chromatograms of spray dried samples with those of 
control. 
Loss of solubility of whey proteins (α-lac, β-lg and BSA) due to spray drying of WPI solution 
was also calculated from the RP-HPLC data according to the equation (1)  
(Anandharamakrishnan et al., 2008). As explained earlier, if the proteins are aggregated they 
precipitate and get separated by pH treatment and centrifugation. Hence, in the RP-HPLC tests, 
the supernatant obtained from spray dried protein produces diminished peak compared to the 
supernatant obtained from the control sample. The difference in these two peaks is used to 
estimate solubility loss.   
% Loss of solubility = (1- Atreat/ Acontrol) × 100 ………………….. (1) 
where,  
Atreat = area under peak of the spray dried sample 
Acontrol = area under peak of the control sample 
7.2.2.2.2  Size Exclusion High Performance Liquid Chromatography (SE-HPLC) Method  
The size exclusion (SE) column of HPLC was also used to quantify the degree of denaturation 
of whey proteins. This column separates proteins according to their size. The denaturation and 
aggregation of proteins normally results into increase in their size. The SE HPLC analyses were 
carried out as described by Dissanyake & Vasiljevic (2009) with slight modification. BioSep-
SECS 3000, 300 ×7.8 mm column (Phenomenex Pty. Ltd., New South Wales, Australia) was 
used to perform this analysis. Potassium hydrogen phosphate (KH2PO4) (0.05 M, pH 6.8) was 
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used as mobile phase. The experiments were carried out at 40 oC column temperature and the 
flow rate of mobile phase was 0.5 ml/min. A UV detector was used at 280 nm. Two milligrams 
of a sample was dissolved in 1 ml of mobile solvent, filtered through a 0.45 µm filter and then 
loaded onto the column. The injection volume in the column was 40 µl. The control sample 
was also prepared in identical way and was subjected to the SE-HPLC at the same operating 
conditions. Standard solutions of α-lac, β-lg and BSA were used to identify the peaks of these 
proteins in WPI. The extent of denaturation of whey proteins was calculated by comparing the 
peak areas of the control and spray dried samples. 
7.2.2.2.3  Differential Scanning Calorimetry (DSC) method  
DSC tests were carried out to measure the calorimetric changes in spray dried WPI and these 
changes were correlated to its denaturation. The enthalpies of native (control) and spray dried 
proteins were compared to quantify the extent of denaturation. These analyses were carried out 
by using DSC Q2000, (TA instruments, New Castle, USA). The solutions of native and spray 
dried WPI were prepared at 20% (w/w) solids in distilled water. This concentration was chosen 
as it is suggested that at least 20% whey protein is required for better sensitivity in DSC tests of 
milk proteins (Boye & Alli, 2000). About 18±1 mg of sample solution was taken in the 
aluminium pan and sealed hermetically. The samples were scanned from 20 oC to 100 oC at a 
heating rate of 5 oC/min (Anandharamakrishnan et al., 2007). The instrument was calibrated by 
using indium standard (fusion temperature = 156.61 oC and fusion enthalpy = 28.67 J/g) 
(Archer, 2003). The software associated with the instrument (TA Universal Analysis 2000TM) 
was used to analyse the DSC thermograms. The extent of denaturation was determined using 
change of enthalpy (ΔH) from 52 oC to 97 oC. 
7.2.2.2.4  Fourier Transform Infra-red (FTIR) Spectroscopy method  
The FTIR spectra were obtained and analysed to quantify the alteration of the secondary 
structural features of WPI by spray drying. The IR spectra were acquired using Perkin Elmer 
Frontier FT-IR instrument operated by CPU32M software. The native WPI and spray dried 
samples were diluted to 2% (w/v) using deuterium oxide (D2O) containing 100 mM sodium 
chloride (NaCl) (van de Weert, Haris, Hennink, & Crommelin, 2001). The samples were 
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scanned from 650 cm-1 to 4000 cm-1 using a triglycine sulphate (TGS) detector. A total of 16 
scans at 4 cm-¹ resolution were accumulated at 0.2 cm/sec scanning rate. The spectra were 
analysed according to the procedure described in our earlier work (Haque, Aldred, Chen, 
Barrow, & Adhikari, 2014). The baseline subtracted spectra of samples were analysed by using 
Perkin Elmer’s proprietary software (Version 10.03.06) and OPUS 6.5.92 (Bruker Biosciences 
Pty Ltd., Victoria, Australia). The original spectra (of amide region-I, 1600 1700 cm-1) were 
fitted without any smoothing with Gaussian shape using local least square (LLS) algorithm. 
Percentage of secondary structural configurations (α-helix, β-sheet, β-turns and random coil) 
was estimated using equation (2) (Haque et al., 2014; Yazdanpanah & Langrish, 2013). 
 Secondary structure (%) =Aind /Aall × 100                         (2) 
where, Aind = sum of area of individual secondary structure within amide I band 
Aall = sum of areas of all secondary structural elements within amide I band 
The band location for each secondary structural element was identified as suggested by Boye, 
Alli, Ismail, Gibbs, & Konish (1995) and Kong & Yu (2007). The bands from 1620 cm-1 to 
1640 cm-1 and 1674 cm 1 to 1680 cm-1 were assigned to β-sheets. The bands from 1641 to 
1647 cm-1 was assigned to random coil. The bands within 1648 to 1660 cm-1 were assigned to 
α-helix. Similarly, the bands appearing at and in the vicinity of 1663 cm-1, 1671 cm-1, 1683 
cm-1, 1688 cm-1 and 1694 cm-1 were assigned to β turns. The peaks between 1600cm 1 1619 
cm 1 were not used while quantifying the secondary structural features as they are known to be 
generated from aromatic side chains (Ngarize, Herman, Adams, & Howell, 2004; Susi & Byler, 
1988). 
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7.2.2.3  Physical Characteristics of WPI-protectant Powders 
7.2.2.3.1  Particle Size Distributions and Zeta Potential 
Mean size, size distribution and zeta potential of control and spray dried powder samples were 
determined according to Gunasekaran, Ko, & Xiao (2007) with slight modification. The 
experiments were carried out using a zetasizer (ZEN3600, Malvern Instruments Ltd., Malvern, 
UK). Well dispersed samples at 4 mg/100 ml (w/v) concentration were used in these tests. 
Dispersions were prepared in distilled water with gentle stirring for 60 min at ambient 
temperature. These dispersions were kept overnight at 4 oC for complete hydration and then 
diluted again with distilled water to the final concentration (4 mg/100 ml, w/v). The particle 
size and zeta potential data were obtained by using Malvern’s proprietary software version 
7.01. 
7.2.2.3.2  X-ray Diffraction (XRD) Analysis 
 The XRD analyses were carried out to determine the extent of crystallinity in the WPI-sugar 
samples. This study was carried out on a Siemens (D501) X-ray diffractometer with CuKα1 
radiation according to Jayasundera, Adhikari, Howes, & Aldred (2011). Diffractograms were 
recorded between 8o and 52.15o (2θ) at a rate of 1.20o/min (2θ) with a step size of 0.05o (2θ). 
An anti-scatter slit of 0.15 mm and 1o divergence and receiving slits were used.   
7.2.2.3.3  Scanning Electron Microscopy (SEM) 
Particle morphology of native and spray dried samples was observed according to Joshi, 
Adhikari, Aldred, Panozzo, & Kasapis (2011). The powder samples were directly deposited on 
aluminum stubs using double-sided adhesive carbon conductive tape. The entire assembly was 
put in a desiccator containing freshly dried silica gel for 72 hours. Then the samples were 
sputter coated with a thin layer of gold. The SEM micrographs were acquired using a scanning 
electron microscope (JEOL, JSM 6300 SEM, JEOL, Tokyo, Japan) at an accelerating voltage 
of 15 kV. 
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7.2.2.4  Statistical Analysis 
All the above tests were carried out at least in triplicate and the average values are reported in 
the ensuing sections. The significance difference between two mean values was calculated by 
using an inbuilt program in Microsoft ExcelTM (Microsoft Excel 2010, Microsoft Ltd, 
Washington, USA). A 95% confidence level (p<0.05) was applied in these analyses. 
7.3 Results and Discussion 
The WPI sample (Iso Sensation(R) 93) used in this study was first tested for its structural 
integrity and to assess if its native structure or nativeness was altered to any significant extent 
through DSC and FTIR analyses as detailed in sections 7.2.2.2.3 and 7.2.2.2.4. As shown in 
Fig. 7.3, the enthalpy (1.882 J/g) and temperature (77.83 oC) required for denaturation of this 
sample agree to the reported values for a native WPI (Ju, Hettiarachchy, Kilara., 1999; 
Dissanayake, 2011). Similarly, the composition of secondary structural features (α-helix, β-
sheet, β-turn and random coils) of this sample (Table 7.1) was similar to the reported data for 
native WPI (Ramos et al., 2013; Zhu & Damodaran, 1994). These aspects are further explained 
in the ensuing sections (7.3.1 & 7.3.2). The above facts confirm that the WPI sample used in 
these tests was structurally intact and undenatured. 
7.3.1  Denaturation of WPI due to Spray Drying 
The chromatograms of RP-HPLC and SE-HPLC are presented in Fig. 7.1 (panel A and B).  The 
order and retention time of α-lac, β-lg and BSA in RP-HPLC and SE-HPLC chromatograms are 
essentially the same as reported in the previous literature (Ferreira & Cacote, 2003; Haque, 
Putranto, Aldred, Chen, & Adhikari, 2013; Dissanayake & Vasiljevic, 2009). The calculated 
residual protein content from these HPLC signals showed that there was no significant (p>0.05) 
loss of whey proteins during spray drying under prevailing conditions (Fig. 7.2). The SE-HPLC 
result suggested that there was no significant (p>0.05) changes in the size of protein particles 
due to aggregation of denatured proteins. The RP-HPLC result indicated that the exposure of 
hydrophobic groups due to spray drying under the prevailing conditions was not up to the 
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detection range of resin in the RP-HPLC column. A slight forward movement of the peaks of 
the spray dried proteins (Fig. 7.1A) implies that there might have some extent of perturbation 
of hydrophobic groups due to drying stresses. But this perturbation is insufficient to irreversibly 
expose the hydrophobic moieties to any significant extent.     
The thermograms obtained from DSC are presented in Fig. 7. 3.  It can be seen from these 
thermograms that 1.882 J/g energy is required to denature the native WPI whereas the spray 
dried WPI required 1.793 J/g. We can see a small difference in enthalpy between control and 
spray dried WPI; however this difference is not significant (p>0.05).  Anandharamakrishnan et 
al. (2007) carried out the spray drying of WPI and quantified the extent of denaturation using 
DSC. They suggested that the extent of denaturation of WPI in spray drying process depends 
on processing conditions, characteristics and concentration of feed, residence time within the 
dryer and the residual moisture content in the powder. They increased their feed concentration 
up to 40%, and found that the more concentrated feed resulted into higher degree of 
denaturation. As evaporative cooling occurred during substantial length of residential time, it is 
expected that the thermal stress was much less at 10% (w/w) feed concentration used in this 
study. 
Thus the HPLC and DSC analyses reveal that there was no loss of whey proteins due to 
denaturation during spray drying. This means that the bulk aggregation or coagulation of the 
spray dried whey proteins did not occur. Whether or not the secondary structure was 
significantly affected due to spray drying will be discussed in the ensuing sections. 
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Fig. 7.1.  A) RP-HPLC and B) SE-HPLC chromatograms of native (black) and spray dried 
(red) WPI; spray dried (by Buchi laboratory spray dryer)  at 180/80 ⁰C (inlet/outlet) 
temperature. 
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Fig.7. 2. Loss of whey proteins by denaturation and aggregation due to spray drying of WPI; 
spray dried at 180/80 ⁰C (inlet/outlet) temperature. Error bars showing the standard deviation of 
triplicate analyses.  
 
Fig. 7.3. DSC thermograms of native and spray dried WPI; 10% (w/w) WPI was spray dried at 
180/80 ᴼC (inlet/outlet) temperature set. 
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7.3.2  Effect of Spray Drying on the Secondary Structure of WPI 
The IR spectra in the amide region-I (1600-1700 cm-1) were analysed to assess the alteration in 
the secondary structure of WPI (Fig. 7.4). It can be seen from Table 7.1 that the native WPI 
contained 43.0% β-sheet, 22.8% α-helix and 34.2% β-turn in its structure which is in 
accordance with the literature (Ramos et al., 2013; Zhu & Damodaran, 1994). The data 
presented in Table 7.1 shows that the secondary structure of WPI was significantly affected 
(p<0.05) due to spray drying at 180/80 oC (inlet/outlet). The random coil content of WPI in 
spray dried sample increased to 20.7% which was compensated by the decrease in β-sheet and 
β-turn contents to 38.6% and 19.7%, respectively.  The α-helix content of the spray dried 
sample was merely 1.8% less than that of the control sample which is not statistically 
significant (p>0.05). It is suggested that presence of three to four closely packed amino acid 
residues in the backbone of α-helix creates favorable hydrophobic and disulphide interactions 
for α-helix structure to remain stable (Pauling, Corey, & Branson, 1951).  
7.3.3  Effects of Protectants on the Secondary Structure of WPI during Spray Drying 
As shown in preceding section, the secondary structure of WPI was significantly altered by the 
spray drying process in the absence of the protectant solids. The percentage composition of 
secondary structural components of WPI in the presence of protectants (sugar and surfactant) 
matrices is presented in Table 7.1. Interestingly, the percentage of α-helix and random coil was 
increased in most of the spray dried WPI-protectant powders. At the same time the percentage 
of β-sheet and β-turn was decreased. Addition of Tween-80 at 0.01% or higher was able to 
arrest the decrease in α-helix and β-sheet content.  This finding agrees to the findings reported 
by Maa et al. (1998) that the interfacial stresses denature the proteins, which can be minimized 
incorporating an appropriate amount of low molecular weight surfactant in the feed solution. 
However, neither sugar nor surfactant could stop the decrease of β-turn due to the spray drying 
stresses. The stresses induced during spray drying increased the proportion of α-helix and 
random coil in the secondary structure (Table 7.1). It is known that the structure of β-turn is not 
defined as that of α-helix or β-sheet. This is a flexible structure which plays important role in 
folding of protein by changing the orientation of α-helix and β-sheet (Tatham, Miflin, & 
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Shewry, 1985). The drying induced stresses easily affect this flexible structure (β-turn) and 
produce another aperiodic structured random coil and some helix loops.     
Table 7.1. The composition (%) of secondary structural elements of native and spray dried 
WPI in the presence and absence of protectants. L = lactose, T = trehalose, S= surfactant.  
 
Treatment Sample 
Mixing 
ratio 
Secondary structural elements (%) 
β-sheet 
Random 
coil 
α-helix β-turn 
Control Native WPI (100:0) 43.0±3.5 0.00 22.8±1.8 34.2±2.9 
Spray dried 
180/80 oC 
WPI (100:0) 38.6±3.0 20.7±2.1 21.0±1.8 19.7±1.1 
WPI+L 
(90:10) 36.6±2.8 7.7±0.5 38.1±3.1 17.6±1.8 
(80:20) 35.8±3.5 12.6±0.8 35.5±3.3 16.1±1.5 
(70:30) 32.5±2.6 19.1±1.1 27.5±2.9 20.9±1.2 
WPI+T 
(90:10) 34.0±2.8 22.0±2.3 33.5±3.4 10.5±1.0 
(80:20) 39.8±4.0 10.4±1.6 30.7±2.9 19.1±1.6 
(70:30) 33.2±3.1 18.3±2.0 32.7±1.8 15.8±0.8 
WPI+ S 
S-0.005% 37.2±3.1 16.5±1.8 31.1±3.1 15.2±2.1 
S-0.01% 42.6±3.6 8.3±1.2 33.2±2.9 15.9±1.8 
S-0.05% 48.6±4.0 0.0 34.2±4.2 17.2±2.4 
S-0.1% 47.8±3.8 1.2±0.4 33.2±3.6 17.8±2.5 
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Fig. 7.4. Absorbance (A) and   fitted spectra for native WPI (B) &   spray dried (180/80 ᴼC) 
WPI (C). 
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7.3.4  Effect of spray drying on the solubility of WPI 
The solubility data of whey proteins calculated by using equation (1) is presented in Fig. 7.5. 
As can be seen from this figure, there is not significant (p> 0.05) loss of solubility in any of the 
whey protein fractions due to spray drying. These solubility data corroborate the SE-HPLC 
results which showed that no aggregation of whey proteins occurred in spray dried powders. It 
is essential that proteins undergo aggregation a precondition of coagulation and loss of 
solubility. The alteration in secondary structure of whey proteins due to spray drying did not 
occur to an extent that it would induce aggregation. Hence, the solubility of WPI was not 
affected due to spray drying.  
 
Fig. 7.5. Solubility of β-lg, α-lac and BSA in spray dried WPI powder (spray dried at 180/80 ⁰C 
(inlet/outlet) temperatures set.  
7.3.5  Characteristics of Spray Dried WPI-protectant Powders 
7.3.5.1  Zeta Potential 
The zeta potential values of WPI (control) and the spray dried WPI-protectant powder solutions 
were measured to compare their surface charges. As can be seen from Fig. 7.6, all the solutions 
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were negatively charged. It is expected for WPI solution to be negatively charged at pH values 
above its isoelectric point (Wang & Zhong, 2014). Although the presence of sugar with WPI 
tended to reduce the zeta potential, the mean values were not significantly different (p>0.05) 
compared to the WPI only solutions. This observation suggests that mixing of the sugars 
(lactose and trehalose up to 30%) and Tween-80 (0.01%) did not alter the surface charge of 
WPI significantly. 
 
Fig. 7.6. Zeta-potential of WPI (control), and WPI-protectant solutions. C= control, L= lactose, 
T= trehalose, T80= Tween-80, S D = spray dried.  
7.3.5.2  Particle Size and Size Distributions 
The particle size and size distribution of the spray dried WPI with and without protectants 
(20% L, 20%T and 0.01% Tween-80) were measured and presented in Fig. 7.7. As shown in 
Table 7.1 and also in literature (Tzannis & Prestrelski, 1999) the presence of these protectants 
at the above concentrations is able to provide significant protection to proteins against drying 
related stresses. As shown, most of the particles in these samples ranged from 100 to 1000 nm. 
It can be seen from this figure that the particle size distribution in the case of WPI is bimodal 
with about 23.6% (by volume) of the particles being smaller than 100 nm. This observation 
agrees to the earlier finding that the atomization process of WPI in the absence of protectant 
solids produced finer particles (Dissanayake et al., 2012). Spray drying of WPI in the presence 
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of excipients (sugars and surfactant) produced mono-modal distribution curve where about 
90% particles ranged from 100 nm to 1000 nm (Fig. 7.7).  
 
Fig. 7.7. Particle size distributions of spray dried WPI with and without protectants. 
7.3.5.3  Crystallinity 
As can be seen from the X-ray diffractograms  (XRD)  presented in Fig. 7.8, lactose 
monohydrate produced sharp peaks at 12o, 19o, 20o and 21.5o (2θ) and trehalose di-hydrate 
produced several small peaks between 12o and 17.5o (2θ) range and a large peak at 24o (2θ) 
which are in agreement with earlier works (Raut et al., 2011; Cabral, Zollner, & Santana, 
2004). The WPI particles were found to be fully amorphous. The spray dried powder at 
WPI-to-sugar ratio of 80:20 did not produce any crystalline peak. The presence of 30% sugar in 
the matrix also did not produce crystalline peaks (data not shown). These results agree with the 
previously reported findings that the presence of protein even in small amount can prevent the 
crystallization of sugars (Sharma & Kalonia, 2004; Jayasundera et al., 2011).  Besides, rapid 
water evaporation from drying droplets in the spray drying process does not favour 
crystallization in powders (Jayasundera et al., 2011). 
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Fig. 7.8. X-ray diffraction patterns of original WPI, lactose and trehalose and their matrices  
7.3.5.4  Surface Morphology 
The SEM micrographs of spray dried WPI & WPI-protectant powders are presented in Fig. 7.9. 
It was found that all of the spray dried powders of WPI with or without protectants produced 
more or less spherical particles with dimples and surface folds. The wrinkles on the surface 
indicated to the formation of WPI-rich skin around the particles. It was suggested that a skin 
always appears on the particles of protein-rich samples such as skim milk upon drying (Hassan 
& Mumford, 1993; Walton & Mumford, 1999). Incorporation of sugar in the solution also 
facilitates the formation of crust at the particle surface. At a temperature above boiling point of 
water, this crust turns into a less porous skin. The internal vaporization in droplets containing 
skin-forming solids is primary reason of formation of hollow particles in spray dried particles 
(Hassan & Mumford, 1996). Hence, the interplay between the vapour built up within the drying 
 WPI 
 Lactose 
 Trehalose 
 20% Trehalose 
 20% Lactose 
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droplet and the thermoplastic nature of the skin resulted into the uneven and partially folded 
surface morphology (Fig. 7.9).  
  
WPI 0.01% Tween-80 mixed 
 
 
20% lactose mixed 20% trehalose mixed 
Fig. 7.9. SEM pictures of spray dried WPI, WPI: lactose (80: 20), WPI: trehalose (80: 20) and 
WPI mixed with 0.01% Tween-80 (anti clockwise).  
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7.4  Conclusions 
No significant loss of WPI due to denaturation and aggregation was observed when 10% (w/w) 
WPI solution was spray dried at inlet and outlet temperatures of 180oC and 80oC, respectively. 
The solubility of the spray dried WPI was also not significantly different with that of the 
undried WPI. The secondary structural features of the spray dried WPI were significantly 
affected.  The β-turn was most sensitive to spray drying and it decreased by 14.5%. The β-sheet 
structure was less sensitive than β-turn and the α-helix was the most stable (least sensitive) to 
spray drying.  The incorporation of ≥0.01% Tween-80 as protectant of WPI improved the 
stability of α-helix and β-sheet; however, none of these protectants could provide stability to β-
turn structure. The spray dried WPI-protectants powders had wrinkled or folded morphology 
due to the formation of protein-rich skin on the particle surface. The WPI-sugar particles were 
amorphous in nature.  
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Chapter 8 
General Discussion, Conclusions and Recommendations 
8.1  Introduction 
This thesis describes the detailed investigations performed in order to quantify, explain and 
control the extent of denaturation of whey protein isolate (WPI) and its major constituent 
proteins when subjected to convective air drying including spray drying. Experimental 
determination of drying and denaturation kinetics and their mathematical simulation provided 
many insights and basis for significant advances on the body of knowledge related to the 
denaturation of WPI during particle formation or drying process. The relative resilience or 
resistance to denaturation of the major whey protein fractions α-lactalbumin (α-lac), β-
lactoglobulin (β-lg) and bovine serum albumin (BSA) was also determined. The formation of 
patterns/shape of droplets/particles in the above mentioned proteins during drying and its 
relationship to drying and denaturation kinetics was qualitatively explained. This project also 
quantified the effectiveness of some selected protectant compounds (lactose, trehalose and 
polysorbate-80) in protecting WPI from drying induced denaturation in single droplet drying 
and spray drying. The effect of addition of these three protectants on the physical 
characteristics of spray dried WPI was also quantified. The importance of the key findings 
obtained from the above mentioned investigations are articulated in the ensuing sections. The 
contributions made by this study to the body of knowledge are also presented. Finally, 
recommendations for future studies are outlined towards the end of this chapter.  
8.2  Research Aspects and Key Findings   
Measurement and quantification of the denaturation and drying kinetics of atomised protein 
droplets during spray drying are still considered technologically impossible tasks due to very 
rapid drying and complex interactions among the droplets and particles. Hence, a single droplet 
drying (SDD) instrument was used in this study as an idealised model of a spray dryer to dry a 
micron sized droplet following a trend in similar studies (Ranz & Marshall, 1952; Lin & Chen, 
2002; Adhikari, Howes & Bhandari, 2007). Developing a suitable method to quantify the 
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denatured protein from a very small amount (±0.5 mg solid mass) of sample was one of the 
most challenging tasks of this project. Selecting and implementing the mathematical models 
representing the drying and denaturation behaviour of protein in an integrated way during the 
convective drying were also challenges of this project. Addressing the above mentioned 
challenges required a critical review of literature and experimental and modelling trials which 
are presented in Chapter 2 of this thesis. The SDD instrument used in this project is a semi-
automatic instrument. Transferring and suspending the droplet on to the filament located within 
the drying chamber and collecting the dried particle or the partially dried droplet at different 
stages of drying were performed manually which were the hardest parts of this research. A 
considerable proportion of research time was spent to develop the modelling spread sheets that 
predicted the drying and denaturation behaviour of WPI during convective drying at a single 
droplet level. The experimentally generated data coupled with the mathematical modelling and 
the synthesis of findings produced some advances to the body of knowledge which were 
published and are now compiled into Chapter 3 and 4 of this thesis.  
In Chapter 3 the extent of denaturation of WPI subjected to convective air drying and 
isothermal heat treatment (IHT) in aqueous medium has been quantified, compared and 
compiled. The prevailing denaturing stresses in these two processes were identified and the 
impact of these stresses to denature WPI was quantified as a function of treatment temperature 
and time. The findings compiled in this chapter provided the qualitative correlation between 
extent of denaturation of WPI and drying parameters (air temperature, moisture content and 
drying rate). This chapter documents two important findings; firstly, the extent and kinetics of 
denaturation of WPI is different in the IHT and convective drying environments, both above 
and below 65 oC, which is considered to be the denaturation temperature of WPI (Parris & 
Baginski, 1991; Ferreira, Mendes, Ferreira, 2001). IHT is typically used to measure the 
denaturation kinetics of WPI under heat stress. The data presented in this chapter proves that 
such a practice introduces significant error in prediction of protein denaturation when drying or 
removal of moisture is involved. For example, it was found that at the end of 600 s of treatment 
at 65 oC, the convective air drying process resulted in much higher denaturation (68.3%) 
compared to IHT (10.8%). However, above the denaturation temperature of WPI (80 oC) in the 
same time frame, the denaturation due to IHT was much higher (90.0%) compared to 
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convective drying (68.7%). Secondly, this study also identified an important structural 
transition in WPI known as molten globular (MG) state after drying for 170 s at 65 oC. In this 
state, proteins partially unfold and lose their tertiary structure which results into increased 
exposure of hydrophobic moieties (Kumar, Jayaraman, Lee, Sivaraman, Lin & Yu, 1995; 
Semisotnov, Rodionova, Razgulyaev, Uversky, Gripas & Gilmanshin, 1991). 
The outcome of mathematic modelling and the simulations of drying kinetics (moisture content 
and temperature histories) and denaturation kinetics of aqueous WPI droplet are documented in 
Chapter 4. The mathematical models and the resultant simulations were validated using the 
experimental data. The Reaction Engineering Approach (REA) (Chen & Xie, 1997; Putranto, 
Chen, Xiao & Webley, 2011) and the first order reaction kinetics model (Meerdink &Van’tRiet, 
1995) were integrated for the first time to predict the drying and denaturation kinetics of 
proteins. In this thesis the moisture and temperature histories were successfully predicted by 
applying REA model within 6.5% (R2 = 0.99) and 3% (R2 = 0.98) errors, respectively. The 
denaturation kinetics of WPI during drying at 65 oC and 80 oC were predicted by using the first 
order reaction kinetics model within the absolute error values of 6.9% (R2 = 0.95) and 5.9% 
(R2 = 0.98), respectively. The work documented in this chapter makes it possible to predict the 
drying and denaturation kinetics of WPI as a function of the drying parameters and also 
explains the various stages of denaturation. As this approach can be adapted to other proteins, it 
would provide greater insights and valuable guidelines for modelling the drying and 
denaturation kinetics of many other proteins. 
It is known that WPI is a mixture of a number of proteins including α-lac, β-lg and BSA. These 
proteins are different in molecular structure and amino acid content. It is expected that the 
denaturation of WPI is related to the sensitivity of its constituent proteins. The IHT and high 
pressure treatment of these constituent proteins suggested that the whey protein α-lac is the 
most stable (denaturation resistant) protein compared to β-lg and BSA (Parris & Baginski, 
1991; Ferreira, Mendes & Ferreira, 2001; Patel, Singh, Havea, Considine & Creamer, 2005). 
However, no information was available in the literature regarding their sensitivity to 
denaturation during convective drying at a single droplet level. Hence, the SDD experiments 
were carried out to determine the extent and nature of denaturation of these individual proteins 
during convective drying and the results are presented in Chapter 5. The patterns of 
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morphological evolution of these proteins during particle formation are also presented in this 
chapter. Among the whey protein constituents, β-lg was found to denature to the highest extent 
(up to 30.85%) whereas the BSA was found to be the most stable, without significant loss due 
to denaturation both at 65 oC and 80 oC. The α-lac showed intermediate stability with 13.26% 
and 19.37% denaturation at 65 oC and 80 oC, respectively. The contents of the secondary 
structural elements β-sheet and random coil were found to increase in the case of α-lac and β-lg 
which were compensated by the decrease in α-helix and β-turn. On the other hand, the contents 
of β-sheet, α-helix and random coil were found to increase in the case of BSA, while the β-turn 
content decreased. The patterns of morphological evolution of these proteins were quite 
different during convective drying. A highly wrinkled skin was formed on the surface of BSA 
compared to a more hollow, fragile skin formed on the surface of α-lac. The droplet of β-lg lost 
its spherical shape initially but developed firm outer surface skin afterwards. The above 
findings indicated that the extent and nature of denaturation of a protein affect the formation of 
skin which is ubiquitous in protein drying. 
As discussed above, Chapters 3-5 have been devoted to documenting the findings of 
investigating the denaturation kinetics of WPI and its major constituent proteins. The 
qualitative and quantitative correlations among the denaturation kinetics, drying kinetics and 
particle formation morphology have been established within the experimental time frame. The 
next aim of this thesis was to protect or minimize the denaturation of WPI subjected to drying 
induced stresses. Two commonly used disaccharides lactose and trehalose were used 
individually as protectant solids. The WPI and lactose or trehalose were mixed at different 
ratios and dried at 65 ⁰C and 80 ⁰C. The efficacy of these sugars to protect the WPI against 
denaturation in convective air drying environment has been discussed in Chapter 6 to a 
considerable detail. The effect of these sugars on the particle morphology was also monitored 
and discussed. Trehalose was found to be much more effective than lactose in preventing the 
denaturation of WPI caused by the drying induced stresses. Incorporation of 20% trehalose (of 
total solids) was able to completely arrest the denaturation and subsequent coagulation of WPI 
both at 65 oC and 80 oC. At the same drying conditions, incorporation of 30% lactose was able 
to protect maximum 70% of WPI. The increase of lactose concentration >30% did not provide 
additional protection against denaturation. The superior ability of trehalose to protect protein 
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has been explained from the basis of formation of compact but flexible exclusion zone around 
the protein molecules (Jain, & Roy, 2009; Roser, 1991). However, the FTIR results showed 
that neither lactose nor trehalose could prevent the drying-induced alteration of the secondary 
structural features of WPI. The presence of both lactose and trehalose helped WPI to maintain 
the spherical shape of the drying droplets for much longer time than the WPI droplet without 
sugar. However, with increasing drying time a glassy skin was formed around the WPI-sugar 
droplet and gave rise to numerous wrinkles towards the end of drying.  
The final chapter of this thesis (Chapter 7) documented the extent and nature of denaturation of 
WPI during spray drying in the presence and absence of the protectant solids lactose, trehalose 
and polysorbate-80. The drying parameters (inlet and outlet temperatures) and feed parameters 
(protein-protectant ratios) for this study were formulated using the information obtained from 
the SDD experiments. Three different excipients lactose, trehalose and polysorbate-80 were 
used as protectants during spray drying. The effects of incorporation of protectant solids on the 
solubility, particle size and size distribution, crystallity and surface morphology of spray dried 
WPI-protectant powders were also quantified. The results showed that no significant (p>0.05) 
loss of WPI occurred through denaturation and aggregation during spray drying. However, the 
secondary structural features of the spray dried WPI were affected quite significantly. The β-
turn structure was found to be the most sensitive to spray drying and it decreased by 14.5%. 
The β-sheet structure was less sensitive than β-turn and the α-helix was the most stable (least 
sensitive) to spray drying. Addition of lactose or trehalose could not prevent alteration of the 
secondary structural features of the spray dried WPI. Interestingly, the incorporation of ≥0.01% 
polysorbate-80 as protectant improved the stability of α-helix and β-sheet; however, none of the 
protectants could protect the structure of β-turn. No significant (p>0.05) change in the 
solubility of WPI was observed when it was spray dried at 180/80 oC compared to the undried 
control. Particle size of the WPI-protectant powders ranged from 100 to 1000 nm. This particle 
size range is commonly observed when low solid feed (10%, w/w in this case) is spray dried 
using laboratory scale spray dryer. All WPI-protectant matrices produced particles with 
spherical shape but surface folded morphology and all of the powders were amorphous in 
nature. The amorphous nature of these powders is also in accordance with the earlier reports 
that spray dried powders of proteins and protein-sugar mixtures are amorphous in nature as 
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there is an inadequate time for the molecules to arrange themselves into ordered crystalline 
structure (Sharma & Kalonia, 2004; Jayasundera, Adhikari, Howes & Aldred, 2011). 
8.3  Contributions Made by this Thesis 
This thesis has made some important contributions to the body of knowledge by making new 
findings and advances as listed below. 
1. This study found that the convective drying exerted more detrimental stress on protein 
than IHT at low/moderate temperatures (≤65 ⁰C), whereas the IHT caused more damage 
than convective drying at higher temperatures (80 ⁰C).  
2. It was found that the REA and first order reaction kinetics model could successfully 
predict the drying kinetics and denaturation kinetics, respectively of WPI droplet.   
3. This study has confirmed that the superior ability of trehalose to protect the protein 
from denaturation can be attributed to its structural flexibility that creates water 
exclusion zones rather than the high glass transition temperature (Tg) of this sugar. 
4. It was found that the stresses induced by spray drying can denature WPI by altering the 
secondary structural features rather than aggregation process. This investigation also 
confirmed that the interfacial stress is a vital contributing factor to denature the protein 
which can be mitigated by applying surfactants such as polysorbate-80.  
A total of 6 publications (1 book chapter, 5 journal papers) have been prepared from this work 
out of which 4 journal papers and 1 book chapter have been published. The content of last 
chapter (Chapter 7) has been submitted for publication and is currently undergoing peer review. 
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8.4  Recommendations for Further Study 
One of the most important findings of this study was that significant alteration in secondary 
structural features occurs in spray dried powders without resulting into measurable coagulation 
and loss of solubility. Whether or not this alteration in the secondary structural features affects 
the efficacy of interactions of whey proteins with other food components such as carbohydrates 
and processes such as emulsification, foam formation and gelation was not investigated due to 
time constraints. This would be a very interesting theme for further study.  
Yet another theme that would be of great importance is to study the digestibility of these 
structurally denatured but fully soluble proteins powders compared with native proteins. Such a 
study would provide information regarding whether or not these (structurally denatured but 
fully soluble) spray dried powders are better in terms of digestion and nutrition. The commonly 
used nutrition indexes such as net protein utilisation (NPU) and protein digestibility corrected 
amino acid score (PDCAAS) can be measured on the targeted consumers for this proposed 
study. 
Due to time constraints and the unavailability of specialised instrumentation the effect of shear 
and interfacial stresses on the denaturation of whey proteins during convective drying was not 
explored in this study. Such a study would provide important information and potentially 
alternative ways to minimise the denaturation of protein in processes (such as spray drying) 
where the droplets have intense exposure to shear and oxygen. 
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49.1 INTRODUCTION
Proteins derived from various natural sources such as plant, 
animal, and milk are converted into dry powder form to 
enhance their stability and for long-term storage. Even thera-
peutic proteins such as antibodies, which are usually deliv-
ered after reconstitution, are also first converted into powder 
(Sane et al., 2004). Dry therapeutic proteins are being increas-
ingly used in their native form for inhalation and pulmonary 
and transdermal delivery (Johnson, 1997). Nontherapeutic 
proteins such as milk proteins are important ingredients in 
manufactured functional and health foods. They are also 
converted into dry powder form.
Proteins are first extracted into water from their sources 
and subsequently the water is removed by drying. When dried, 
proteins are less sensitive to heat and other stresses; they are 
chemically more stable and have a longer shelf life. Spray 
drying and freeze drying are the preferred drying methods 
for protein solutions. Freeze-dried proteins are subjected to 
less thermal stress than those that are spray dried. However, 
longer processing times, smaller dryer size, batch mode of 
production, and chill injury associated with freezing are 
considerable disadvantages of this process. In addition, the 
capital and operational costs of the spray drying process are 
1/9 and 1/6, respectively, compared with those of freeze dry-
ing industrial technique (Chavez and Ledeboer, 2007). Spray 
drying is a well-established method for drying milk as well 
as pharmaceutical powders; it has the advantages of being 
hygienic, high throughput and relatively simple operation, 
and desirable particle size range (Jayasundera et al., 2010). 
However, the process of conversion of protein solutions into 
a dry powder is complex because of their sensitivity to heat, 
especially when they are still in solution (Abdul-Fattah et al., 
2007). Spray drying of proteins has been studied by pharma-
ceutical and food science researchers (Maa and Hsu, 1997; 
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a b s t r a c t
The extent and nature of denaturation of whey protein isolate (WPI) in convective air drying
environments was measured and analysed using single droplet drying. A custom-built, single droplet
drying instrument was used for this purpose. Single droplets having 5 ± 0.1 ll volume (initial droplet
diameter 1.5 ± 0.1 mm) containing 10% (w/v) WPI were dried at air temperatures of 45, 65 and 80 C
for 600 s at constant air velocity of 0.5 m/s. The extent and nature of denaturation of WPI in isothermal
heat treatment processes was measured at 65 and 80 C for 600 s and compared with those obtained from
convective air drying. The extent of denaturation of WPI in a high hydrostatic pressure environment
(600 MPa for 600 s) was also determined. The results showed that at the end of 600 s of convective drying
at 65 C the denaturation of WPI was 68.3%, while it was only 10.8% during isothermal heat treatment at
the same medium temperature. When the medium temperature was maintained at 80 C, the denatur-
ation loss of WPI was 90.0% and 68.7% during isothermal heat treatment and convective drying, respec-
tively. The bovine serum albumin (BSA) fraction of WPI was found to be more stable in the convective
drying conditions than b-lactoglobulin and a-lactalbumin, especially at longer drying times. The extent
of denaturation of WPI in convective air drying (65 and 80 C) and isotheral heat treatment (80 C) for
600 s was found to be higher than its denaturation in a high hydrostatic pressure environment at ambient
temperature (600 MPa for 600 s).
 2013 Elsevier Ltd. All rights reserved.
1. Introduction
Proteins consist of polypeptides that are typically folded into
globular or fibrous forms and function in a manner as observed
in nature. Each atom in the protein occupies a well-defined space
in the folded 3-dimentional structure. The ionic and hydrophobic
interactions, hydrogen bonding between side chains, buried
non-polar groups and covalent disulphide bonds, all play impor-
tant role in maintaining this native structure (Pace, Trevino,
Prabhakaran, & Scholtz, 2004).Water is considered to be essential
for the folding of most proteins. Therefore, dehydration processes
can completely and irreversibly denature/inactivate some proteins,
including their enzymatic function, presumably through the loss of
their native structure (Wolkers, van Kilsdonk, & Hoekstra, 1998).
Denatured/aggregated proteins not only alter the functionality,
such as foaming and emulsification compared to their native unde-
natured form but also sometimes result in them malfunctioning in
living systems (Dobson, 2001; Horwich, 2002; Thomas, Qu, &
Pedersen, 1995).
The understanding of the physics of the denaturation of pro-
teins has changed over the years and is still evolving (Eisenberg,
Kuriyan, & Richards, 2002; Shortle, 2002). Different proteins show
different sensitivity under external stresses. The lack of a precise
methodology for applying stress to a selected protein and quanti-
fying the resultant denaturation has limited the knowledge of
denaturation of proteins, including in the drying process. A variety
of studies have been undertaken to quantify and explain the dena-
turation behaviour of proteins under different stresses. These stud-
ies investigated the denaturation of proteins in various in vitro
stress conditions such as isothermal heat treatment (IHT) (Parris
& Baginski, 1991; Sava, Van der Plancken, Claeys, & Hendrickx,
2005), high pressure treatment (HPT) (Kresic, Lelas, Herceg, &
Rezek, 2006; Patel, Singh, Havea, Considine, & Creamer, 2005)
and lenient steam injection (LSI) (Dickow, Kaufmann, Wiking, &
Hammershøj, 2012). The denaturation of milk proteins, particu-
larly WPI, have been studied in solution used for spray drying
and also in the resultant spray dried powders (Anandharamakrishnan,
Rielly, & Stapley, 2008, 2007; Oldfield, Taylor, & Singh, 2005).
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Drying and Denaturation Characteristics of α‑Lactalbumin,
β‑Lactoglobulin, and Bovine Serum Albumin in a Convective Drying
Process
M. Amdadul Haque,†,‡ Peter Aldred,§ Jie Chen,# Colin Barrow,⊥ and Benu Adhikari*,†
†School of Applied Sciences, RMIT University, Melbourne City Campus, Melbourne, VIC 3001, Australia
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§School of Health Sciences, University of Ballarat, Mount Helen, VIC 3353, Australia
#State Key Laboratory for Food Science and Technology, Jiangnan University, Wuxi, China
⊥School of Life and Environmental Sciences, Deakin University, Geelong, VIC 3217, Australia
ABSTRACT: Drying and denaturation kinetics of aqueous droplets of α-lactalbumin (α-lac), β-lactoglobulin (β-lg), and bovine
serum albumin (BSA) were measured in a convective drying environment. Single droplets having an initial droplet diameter of 2
± 0.1 mm and containing 10% (w/v) protein concentration were dried using conditioned air (65 and 80 °C, 2−3% RH, 0.5 m/s
velocity) for 600 s. The denaturation of these proteins was measured by using reversed-phase HPLC. At the end of 600 s of
drying 13.3 and 19.4% α-lac was found to be lost due to denaturation at 65 and 80 °C, respectively. Up to 31.0% of β-lg was
found to be denatured, whereas BSA was not found to be significantly (p > 0.05) denatured in these drying conditions. The
formation and strength of skin and the associated morphological features were found to be linked with the degree of denaturation
of these proteins. The secondary structure of these proteins was significantly (p < 0.05) affected and altered by the drying
stresses. The β-sheet and random coil contents were increased in α-lac by 6.5 and 4.0%, respectively, whereas the α-helix and β-
turn contents decreased by 5.5 and 5.0%, respectively. The β-sheet and random coil contents in β-lg were increased by 7.5 and
2.0%, respectively, whereas the α-helix and β-turn contents decreased by 3.5 and 6.0%, respectively. In the case of BSA the β-
sheet, α-helix, and random coil contents were found to increase, whereas the β-turn content decreased.
KEYWORDS: bovine serum albumin, α-lactalbumin and β-lactoglobulin denaturation, drying, single droplet, β-sheet, β-turn, α-helix,
morphology
■ INTRODUCTION
Whey is a heterogeneous mix of proteins. Among these
proteins, α-lactalbumin (α-lac, 20%), β-lactoglobulin (β-lg,
65%), and bovine serum albumin (BSA, 8%) are the major
constituents and comprise >90% of total whey protein. There
are numerous studies in the literature reporting the
denaturation of whey protein during thermal processing
including drying.1−3 However, these studies do not provide
the drying and denaturation kinetics of individual whey protein
fractions. A limited number of works are reported in the
literature that provide the extent of denaturation of individual
whey proteins (when they are treated separately), especially
during isothermal heat treatment and high-pressure treatment
processes.4−6 There is little, if any, published work in the
literature quantifying and analyzing the denaturation kinetics of
individual whey protein components at the droplet level during
convective drying. The quantification and understanding of
drying and denaturation kinetics of individual whey protein
components can help minimize the denaturation of individual
whey proteins during powder formation and also help in
designing better spray-dryers.
The spray-drying process involves atomization of a solution
into droplets in a drying chamber and subsequent removal of
the solvent through evaporation and finally formation of
powder product. The formation of particles from a solution in
the convective drying process such as spray-drying involves
both equilibrium thermodynamic and kinetic processes. The
vapor pressure and temperature gradients within a drying
droplet and the drying medium are the key driving forces for
the mass transfer from, and heat transfer to, the droplet. In an
actual drying process, unique and complex evolution of particle
shape and morphology takes place, which affects the mass and
heat transport process. On the other hand, the magnitude of
the vapor pressure and temperature gradients and the resultant
heat and mass transfer fluxes also greatly affect the development
of morphology in drying droplets.
In the spray-drying process, the operating parameters (or
even the design of dryer to less extent) have to be judiciously
selected to control the particle morphology. This is because the
characteristics of the product such as particle density, particle
size distribution, and residual final moisture content are greatly
affected by the morphology of dried particles.7 During spray-
drying, the particle morphology is greatly affected by the drying
conditions as well as by the nature and concentration of feed
and the mode of atomization used. For example, the skin-
forming and crust-forming materials develop quite different
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a b s t r a c t
The denaturation kinetics of whey protein isolate (WPI), in the presence and absence of lactose and tre-
halose, was quantified in a convective air-drying environment. Single droplets of WPI, WPI–lactose and
WPI–trehalose were dried in conditioned air (2.5% RH, 0.5 m/s air velocity) at two temperatures (65 C
and 80 C) for 500 s. The initial solid concentration of these solutions was 10% (w/v) in all the samples.
Approximately 68% of WPI was denatured when it was dried in the absence of sugars. Addition of 20%
trehalose prevented the irreversible denaturation of WPI at both temperatures. Thirty percent lactose
was required to prevent denaturation of WPI at 65 C and the same amount of lactose protected only
70% of WPI from denaturation at 80 C. The secondary structures of WPI were found to be altered by
the drying-induced stresses, even in the presence of 20% trehalose and 30% lactose.
 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Whey proteins are commonly used in the food industry as
ingredients, due to their desirable gelling, foaming and emulsifying
properties (Hoffman & Falvo, 2004). These proteins are ubiqui-
tously incorporated in baby foods as they contain high proportions
of essential and branched chain amino acids (Godfrey, Robinson,
Barker, Osmond, & Cox, 1996; Hoffman & Falvo, 2004). They are
also used to derive some specific health benefits; for example, ath-
letes use these proteins for sustaining and enhancing the lean body
mass (Brown, DiSilvestro, Babaknia, & Devor, 2004). There is also
an increasing trend of using these proteins to reduce undesired
body fat (Baer et al., 2011). However, to obtain optimal perfor-
mance out of these proteins, they must be in their native state.
Denaturation of proteins during processing generally reduces
their functional and nutritional efficacy. However, a certain degree
of processing is essential to extend shelf-life and to use these pro-
teins as ingredients. Spray-drying is a well-established method for
producing food and pharmaceutical powders because it is opera-
tionally simple, achieves high throughput and is a hygienic process
capable of producing powders with good particle size distributions
(Jayasundera, Adhikari, Adhikari, & Aldred, 2010). Various aspects
of spray-drying of proteins have been studied by pharmaceutical
and food science-based researchers (Abdul-Fattah, Kalonia, &
Pikal, 2007; Oldfield, Taylor, & Singh, 2005). It is commonly
reported that protein solutions are sensitive to thermal, evapora-
tion and interface-related stresses encountered in convective dry-
ing processes, including spray-drying and fluidized bed-drying.
These studies have shown that a considerable amount of protein
is inactivated or denatured during the powder formation process.
Trehalose and lactose are commonly used to protect
biomolecules, including proteins from drying-related stresses
(Dissanayake et al., 2013; Pagnotta, McLain, Soper, Bruni, & Ricci,
2010). Trehalose is reportedly the most effective sugar for protect-
ing biomolecules against desiccation-related stresses (Pagnotta
et al., 2010; Sola-Penna & Meyer-Fernandes, 1998). Due to its pro-
tective efficacy, trehalose is used for protecting several biomole-
cules, including human blood platelets (Crowe et al., 2003;
Satpathy et al., 2004). The superior protecting efficacy of trehalose
is reportedly due to its relatively high glass transition temperature
(Tg) (Bellavia, Giuffrida, Cottone, Cupane, & Cordone, 2011).
Because of its high Tg, it accords better protection against evapora-
tion-related stresses by producing a glassy matrix with relative
ease. Other researchers have argued that the compact water exclu-
sion zone, formed by trehalose molecules around protein mole-
cules, prevents direct contact/interaction between protein and
water molecules; thereby it helps to preserve the structural
integrity of proteins (Jain & Roy, 2009). All of the above
http://dx.doi.org/10.1016/j.foodchem.2014.12.064
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